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Abstract	  RNAs	   are	   dynamic	   molecules	   that	   orchestrate	   a	   breadth	   of	   processes	   for	  prokaryotes	   and	   eukaryotes	   in	   both	   the	   nucleus	   and	   cytoplasm.	   	   These	   processes	  include	  regulation	  of	  transcription,	  translation,	  and	  post-­‐translational	  modifications.	  	  It	  has	  been	  demonstrated	  that	  the	  spatio-­‐temporal	  localization	  of	  different	  RNAs	  is	  an	   important	   factor	   in	   development	   and	   the	   correct	   localization	   of	   some	   RNAs	   is	  crucial	  for	  proper	  development,	  structural	  organization	  and	  function	  of	  the	  cell.	   	  In	  
vivo	   detection	   of	   endogenous	   RNAs	   is	   a	   challenging	   task	   because	   of	   low	   RNA	  concentrations	   in	   live	   cells,	   its	   transient	   character,	   limited	   accessibility	   for	  molecular	   probes,	   and	   sensitivity	   to	   modification.	   Methods	   that	   study	   RNA	  localization	  utilize	  either	  hybridization	  techniques	  with	  pre-­‐labeled	  probes	  in	  fixed	  cells	  or	  require	  modifications	  to	  target	  RNAs	  in	  living	  cells	  potentially	  altering	  their	  
	   iv	  
in	  vivo	  behavior.	  	  The	  goal	  of	  this	  project	  is	  to	  design	  and	  explore	  a	  new	  non-­‐invasive	  technique	   that	   is	   capable	   of	   detecting	  unmodified	   endogenous	  RNA	   in	   living	   cells.	  	  This	  method	  utilizes	  a	  combination	  of	  protein	  complementation	  and	  split	  aptamer	  probe	  technology	  to	  fluorescently	  detect	  unmodified	  endogenous	  RNA	  in	  living	  cells.	  	  Experiments	  show	  that	   this	  approach	   is	   capable	  of	  detecting	  a	   full-­‐length	  β-­‐globin	  mRNA	   in	   a	   sequence-­‐dependent	   manner	   in	   live	   E.	   coli	   cells.	   	   Most	   importantly,	  fluorescent	  detection	  of	  the	  endogenous	  inducible	  phosphate	  stress	  response	  mRNA	  
pstC	   IS	   successfully	   demonstrated.	   	   This	   fluorescent	   signal	   Is	   dependent	   on	   the	  concentration	  of	  pstC	  mRNA.	  	  Furthermore,	  the	  fluorescent	  signal	  revealS	  a	  punctate	  localization	  of	  pstC	  mRNA,	  which	  dOES	  not	  overlap	  with	  nucleoid	  DNA.	   	  This	  work	  holds	  the	  potential	  for	  the	  next	  generation	  of	  molecular	  tools	  for	  basic	  RNA	  research,	  clinical	  diagnostics	  and	  genetic	  therapeutics.	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  PBS	   	   	   Phosphate	  Sodium	  Buffer	  Pi	   	   	   Phosphate	  
	  xiv	  
PC	   	   	   Protein	  Complemenation	  piRNA	  	   	   PIWI	  interacting	  RNA	  PRC2	   	   	   Polycomb	  Repressive	  Complex	  2	  PUM-­‐HD	   	   Pumilio	  homology	  domain	  qPCR	   	   	   quantitative	  polymerase	  chain	  reaction	  RCA	   	   	   rolling	  circle	  amplification	  RISC	   	   	   RNA-­‐induced	  scilencing	  complex	  RNA	   	   	   Ribonucleic	  acid	  RNAi	   	   	   interfering	  RNA	  RNP	   	   	   ribonucleic	  protein	  rRNA	   	   	   ribosomal	  RNA	  RT-­‐ROL	   	   reverse	  transciptase	  with	  random	  oligonucleotide	  library	  sec	   	   	   seconds	  SFP	   	   	   split	  fluorescent	  proteins	  siRNA	   	   	   small	  interfering	  RNA	  snoRNA	   	   small	  nucleolar	  RNA	  snoRNP	   	   small	  nucleolar	  ribonuclear	  protein	  SSC	   	   	   saline-­‐sodium	  citrate	  tRNA	   	   	   transfer	  RNA	  μg	   	   	   micrograms	  μL	   	   	   microliters	  VRC	  	   	   	   vanadyl	  ribonucleoside	  complex
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CHAPTER	  1	  
	  
	  GENERAL	  INTRODUCTION	  	  
1.1 Functional	  RNA	  Biology	  	  RNAs	   are	   dynamic	   molecules	   that	   determine	   and	   drive	   many	   biological	  processes	  in	  both	  the	  nucleus	  and	  the	  cytoplasm.	  Such	  processes	  include	  regulation	  of	  transcription,	  translation,	  RNA	  modification,	  protein	  modification	  and	  other	  steps	  in	   gene	   regulation.	   Recent	   studies	   have	   shown	   that	   messenger	   RNA	   (mRNA),	  ribosomal	  RNA	  (rRNA)	  and	  transfer	  RNA	  (tRNA)	  are	  not	  the	  only	  RNA	  species	  that	  play	   a	   determinant	   role	   in	   biological	   processes	   (Costa,	   2007).	   One	   of	   the	   most	  surprising	  discoveries	   from	   the	   sequencing	  of	   the	  human	  genome	  was	   the	   finding	  that	  higher	  eukaryotic	  organisms,	  such	  as	  humans,	  possess	  approximately	  the	  same	  number	   of	   protein	   coding	   genes	   as	   a	   much	   simpler	   organism	   the	   nematode	   C.	  
elegans.	   	  Central	  dogma	  would	  predict	   that	  an	  organism’s	  complexity	  correlates	   to	  the	   complexity	   of	   coding	   genes	   (Crick,	   1970).	   	   While	   it	   turns	   out	   that	   organism	  complexity	  more	  directly	  correlates	  to	  the	  transcriptome	  complexity	  (Mattick	  et	  al.,	  2006).	  	  As	  a	  consequence,	  scientific	  investigation	  of	  RNA	  and	  its	  complete	  biological	  role	  have	  been	  overlooked.	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The	   extra	   non-­‐coding	   region	   of	   the	   human	   genome	   has	   been	   described	   as	  “junk”	   DNA	   (Ohno,	   1972)	   and	   the	   products	   of	   this	   region	   are	   thought	   to	   be	  transcriptional	  “noise”	  (Bird	  et	  al.,	  1995).	  This	  description	  implies	  a	  counterintuitive	  consequence	   if	   humans	   possess	   such	   biological	   garbage,	   while	   nematodes	  demonstrate	  a	  streamlined	  genome.	  If	  true,	  the	  logical	  extreme	  of	  this	  implication	  is	  that	   life	   is	   evolving	   towards	   a	   primitive	   state.	   A	   more	   likely	   hypothesis	   for	   this	  surprising	   discovery	   from	   the	   sequencing	   of	   the	   human	   genome	   is	   that	   biological	  complexity	  transcends	  central	  dogma	  that	  relies	  on	  an	  incorrect	  assumption	  driven	  by	  the	  technological	  limitations	  in	  biological	  research.	  	  For	  example,	  one	  of	  the	  first	  experimental	  steps	  when	  isolating	  a	  protein	  for	  investigation	  is	  to	  treat	  your	  sample	  with	  RNAse	  eliminating	  any	  RNA	  influence	  on	  proteins.	  	  RNA	  is	  treated	  not	  only	  as	  just	  an	  intermediate,	  but	  also	  as	  a	  contaminant.	  	  Well	  known	  mechanisms	  describe	  how	  non-­‐coding	  RNA’s	  bind	  to	  protein	  and	  dictate	  essential	  biological	  processes.	  The	  best	  examples	  are	  rRNAs	  and	  tRNAs	  and	  the	  roles	   they	  play	   in	   translation.	   	   	  These	  molecules	  are	   integral	  non-­‐coding	  RNAs	  and	   their	   function	   is	   clear.	   	   Further	   investigation	   of	   the	   human	   transciptome	  revealed	  new	  findings	  that	  hint	  at	  an	  explanation	  to	  this	  apparent	  paradox	  between	  biological	  complexity	  and	  number	  of	  protein	  coding	  genes.	  	  First,	  approximately	  two	  percent	  of	  the	  mammalian	  genome	  is	  comprised	  of	  protein	  coding	  genes,	  but	  at	  the	  same	   time	   the	  majority	   of	   then	   entire	   genome	   is	   transcribed	   as	   non-­‐coding	  RNAs	  (ncRNA)	  (Consortium	  et	  al.,	  2007;	  Kapranov	  et	  al.,	  2007).	   	  Secondly,	  many	  of	  these	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ncRNAs	  have	  been	  shown	  to	  be	  expressed	  in	  tissue-­‐	  and	  development	  stage-­‐specific	  manners	   (Mercer	  et	  al.,	  2009).	   	  The	   fact	   that	  so	  much	  energy	   is	  dedicated	   to	  wide	  spread	   tissue-­‐specific	   expression	   of	   ncRNAs	   strongly	   suggests	   that	   they	   serve	   an	  important	  biological	  role	  and	  are	  not	  merely	  “transcriptional	  noise”.	  	  Biological	  roles	  that	  have	  been	  characterized	  for	  ncRNAs	  are	  epigenetic	  modifiers	  (Royo	  et	  al.,	  2008),	  transposon	  defense	  (Malone	  et	  al.,	  2009),	  transcriptional	  regulation	  (Shi	  et	  al.,	  2009),	  post-­‐transcriptional	   regulation	   (Matera	  et	  al.,	  2007)	  and	  viral	  defense	   (Fagegaltier	  et	  al.,	  2009).	  	  ncRNAs	  can	  be	  placed	  into	  two	  general	  categories	  based	  on	  size.	   	  Long	  non-­‐coding	  RNAs	  (lncRNAs)	  are	  >	  200	  bp	  and	  short	  non-­‐coding	  RNAs	  (sncRNAs)	  are	  <	  200	  bp.	  	  The	  discovery	  of	  RNA	  interference	  (RNAi)	  in	  C.	  elegans	  and	  the	  mechanism	  used	  to	  silence	  genes	  by	  cleavage	  of	  dsRNA	  by	  ribonuclease	  Dicer	  opened	  the	  door	  for	  research	  investigating	  biological	  functions	  of	  ncRNA.	  	  At	  first,	  the	  Dicer	  pathway	  was	  thought	   to	  be	   induced	  by	  exogenous	  RNA	  binding	  to	  endogenous	  RNA	  targets	  (Fire	  et	  al.,	  1998).	  	  It	  later	  became	  clear	  that	  Dicer	  is	  part	  of	  the	  RISC	  gene	  silencing	  pathway	  used	  in	  combination	  with	  endogenously	  expressed	  sncRNA	  like	  microRNAs,	  small	  interfering	  RNAs	  (siRNA)	  and	  PIWI	  interacting	  RNAs	  (piRNAs)	  in	  both	  plants	  and	   animals	   (Ghildiyal	   et	   al.,	   2009).	   	   In	   the	   RISC	   gene	   silencing	   pathway	   pre-­‐microRNAs	  are	  transcribed	  as	  stem	  loop,	  double-­‐stranded	  RNAs	  (dsRNA).	  	  The	  stem	  loop	  is	  then	  cleaved	  by	  Dicer	  resulting	  in	  a	  20-­‐25	  bp	  dsRNA	  fragment	  (Vermeulen	  et	  al.,	   2005).	   	   After	   cleavage	   of	   the	   hairpin	   loop	   one	   strand,	   the	   “guide	   strand”,	   is	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integrated	   into	   the	   RISC	   complex	   via	   the	   protein	   argonaute	   (Preall	   et	   al.,	   2006).	  	  After	   the	  guide	   strand	  of	  RNA,	   siRNA,	   is	   integrated	   in	   the	  RISC	  complex	  an	  mRNA	  complementary	  to	  the	  siRNA	  sequence	  is	  targeted	  for	  cleavage	  after	  binding	  to	  the	  siRNA	   and	   degraded.	   	   The	   mechanism	   by	   which	   the	   siRNA	   loaded	   RISC	   complex	  finds	  a	  complementary	  mRNA	  target	  is	  still	  poorly	  understood.	  	  	  	  Different	  from	  microRNAs	  and	  siRNAs,	  piRNAs	  are	  slightly	  longer,	  26-­‐31	  bp,	  expressed	   in	   the	   germline	   and	   bound	   with	   PIWI	   proteins	   that	   interact	   with	  argonaute	  in	  a	  Dicer-­‐independent	  manner.	   	  Their	  biological	   function	  appears	  to	  be	  transposon	   defense	   (Malone	   et	   al.,	   2009)	   and	   gene	   silencing	   via	   chromatin	  regulation	   (Ghildiyal	   et	   al.,	   2009)	   in	   germline	   cells.	   	  Another	   class	  of	   sncRNAs	  are	  small	   nucleolar	   RNAs	   (snoRNAs)	   which	   exist	   only	   in	   the	   nucleus	   of	   cells.	   	   These	  snoRNAs	   associate	  with	  proteins	   to	   form	  a	   small	   nucleolar	   riboprotein	   	   (snoRNP)	  complex	   that	   methylates	   and	   psedouridinlyates	   rRNA	   (Maden	   et	   al.,	   1997).	   	   The	  snoRNAs	   hybridize	   with	   complementatry	   base	   pairs	   surrounding	   the	   nucleotide	  targeted	   for	   modification.	   	   Once	   the	   snoRNA	   has	   hybridized	   to	   the	   target	   rRNA	  sequence	  the	  proteins	  in	  the	  snoRNP	  complex	  complete	  the	  modification.	  	  One	  class	  of	   ncRNA	   that	   includes	   sncRNA	   and	   lncRNAs	   are	   cis	   acting	   promoter	   associated	  RNAs	  (paRNA).	  	  Expression	  profiles	  of	  paRNAs	  have	  been	  shown	  to	  both	  positively	  and	  negatively	  correlate	  with	  their	  antisense	  protein-­‐coding	  genes.	  	  The	  mechanism	  by	   which	   paRNAs	   up-­‐	   or	   down-­‐	   regulate	   their	   anti-­‐sense	   transcipts	   are	   not	   well	  understood,	   but	   there	   is	   evidence	   that	   they	   are	   involved	   in	   heterochromatin	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remodeling	   and	   methylation	   of	   DNA	   (Santoro	   et	   al.,	   2002;	   Schmitz	   et	   al.,	   2010).	  	  Gene	   regulation	   via	   heterochromatin	   remodeling	   by	   lncRNAs	   is	   more	   commonly	  being	  discovered	  as	  a	  mechanism	  of	  action	  for	  ncRNA	  biological	  function.	  	  	  	   Two	   examples	   of	   lncRNAs	   with	   characterized	   biological	   functions	   are	  
HOTAIR	  and	  Xist.	   	  HOTAIR	  is	  a	  2.2	  kb	  transcript	  that	  acts	   in	  trans	  and	  is	  expressed	  from	   the	   HOXC	   gene	   cluster	   on	   chromosome	   12	   in	   humans.	   	   It	   is	   the	   first	   RNA	  characterized	  to	  be	  expressed	  from	  one	  chromosome	  and	  affect	  the	  transcription	  of	  a	   gene	   on	   a	   separate	   chromosome.	   	   The	   5’	   end	   of	   HOTAIR	   interacts	   with	   the	  Polycomb	   Repressive	   Complex	   2	   (PRC2)	   and	   silences	   the	   HOXD	   locus	   on	  chromosome	   2	   by	   regulating	   the	   chromatin	  methylation	   state	   via	   a	   3’	   interaction	  with	   histone	   methylase	   LSD1.	   	   This	   epigenetic	   functionality	   of	  HOTAIR	   has	   been	  shown	  to	  regulate	  differentiation	  of	  skin	  in	  humans	  (Rinn	  et	  al.,	  2007).	  	  Xist	  is	  a	  17	  kb	   lncRNA	   that	   is	   expressed	   from	   the	   X	   chromosome	   and	   acts	   as	   an	   important	  effector	  molecule	  in	  the	  X-­‐inactivation	  centre.	  	  The	  X	  chromosome	  that	  is	  expressing	  
Xist	   is	   coated	   with	   the	   Xist	   transcript	   silencing	   of	   genes	   on	   that	   X	   chromosome	  occurs	  during	  development	  of	  placental	  mammals.	   	   	  The	  down-­‐regulation	  of	  Xist	   is	  mediated	   by	   binding	   and	   formation	   of	   a	   dsRNA	   complex	   with	   the	   Xist	   anti-­‐sense	  transcript	  Tsix	   (Kanduri	   et	   al.,	   2009;	  Wutz	  et	   al.,	   2007).	   	   	  The	  overall	  mechanisms	  that	  dictate	  the	  biological	   functions	  of	  HOTAIR	  and	  Xist	  are	  still	  poorly	  understood	  and	   to	   date	   there	   are	   thousands	   of	   uncharacterized	   lncRNAs	   that	   have	   been	  identified	   as	   highly	   conserved	   and	   differentially	   expressed	   in	   mammalian	   tissues	  (Guttman	  et	  al.,	  2009).	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   A	  significant	  bottleneck	  for	  studying	  ncRNA	  in	  prokaryotes	  is	  the	  inability	  to	  detect	   their	   existence	   through	   sequencing	   since	   they	   are	   expressed	   at	   such	   low	  levels	  compared	  to	  the	  bulk	  of	  the	  prokaryotic	  transcriptome.	  	  However,	  Deep	  RNA	  Sequencing	  and	   tiling	   arrays	  have	  begun	   to	   resolve	   this	   issue	   (Sorek	  et	   al.,	   2010).	  	  	  	  Though	   less	   abundant	   and	   diverse,	   ncRNA	   are	   present	   in	   prokaryotes.	   	   The	  discovery	  of	  ncRNA	  with	  biological	  function	  was	  actually	  first	  discovered	  in	  bacteria	  in	  1981	  (Stougaard	  et	  al.,	  1981;	  Tomizawa	  et	  al.,	  1981).	   	   It	  was	   found	  that	  a	  small	  ncRNA	   was	   capable	   of	   inhibiting	   replication	   of	   the	   ColE1	   plasmid	   by	   hybridizing	  with	  and	  degrading	  a	  RNA	  used	  as	  a	  primer	  for	  replication	  of	  the	  vector.	  	  A	  similar	  mechanism	   of	   RNA	   down-­‐regulation	   is	   used	   by	   Sgrs	  RNA	   in	   prokaryotes.	   	   Sgrs	   is	  upregulated	  during	   glucose-­‐phosphate	   stress	   and	  base	   pairs	  with	   the	  mRNA	  ptsG,	  which	  encodes	  for	  a	  glucose	  transporter.	  	  After	  binding	  with	  Sgrs,	  ptsG	  is	  degraded	  in	   a	   RNAseE-­‐dependent	   manner	   (Rice	   et	   al.,	   2011).	   	   Sgrs	   is	   also	   multi-­‐functional	  because	   it	   also	   encodes	   for	   a	   peptide,	   SgrT,	   that	   helps	   prevent	   gluocose	   uptake.	  	  Recently,	   a	   new	   class	   of	   ncRNAs	   termed	   clustered	   regularly	   interspaced	   short	  palindromic	   repeat	   (CRISPR)	  RNAs	  was	  discovered	   in	  prokaryotes.	   	  These	  CRISPR	  RNAs	  are	  found	  in	  almost	  half	  of	  all	  bacteria	  and	  the	  majority	  of	  archaea	  (Sorek	  et	  al.,	  2008).	   	   The	  biological	   function	  of	  CRISPR	   is	   defense	   against	   bacteriophage	   and	   to	  prevent	  plasmid	  conjugation	  (Marraffini	  et	  al.,	  2008;	  Sorek	  et	  al.,	  2008).	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The	  role	  of	  ncRNAs	  in	  prokaryotes	  is	  just	  one	  of	  many	  rapidly	  developing	  areas	  in	   prokaryotic	   RNA	   biology.	   	   Currently,	   it	   is	   a	   hotly	   debated	   where	   the	   mRNA	  localizes	  with	  respect	  to	  its	  translated	  protein	  in	  living	  cells.	  	  There	  is	  evidence	  that	  mRNA	  is	  co-­‐localized	  with	  its	  own	  translated	  protein	  (Nevo-­‐Dinur	  et	  al.,	  2011),	  but	  there	  is	  also	  strong	  evidence	  that	  mRNA	  stays	   localized	  to	  the	  site	  of	  transcription	  (Montero	  Llopis	   et	   al.,	   2010).	   	  Both	   studies	  utilized	  different	  methods	   in	  both	   live	  and	   fixed	   cells,	   however,	   due	   to	   technical	   limitations	   of	   these	   methods	   limited	  conclusions	  can	  made.	  	  Effective	  solutions	  and	  experimental	  technologies	  to	  address	  technical	   shortcomings	   in	   RNA	   research	   are	   a	   high	   priority	   for	   biochemists	   and	  molecular	  biologists,	  and	  urgently	  need	  to	  be	  addressed.	  	  	  
1.2 	  	  	  	  Methods	  of	  RNA	  Detection	   	  	   Comparatively,	  RNA	  is	  the	  least	  stable	  of	  the	  major	  macromolecules	  found	  in	  nature	  and,	  with	  the	  exception	  rRNAs,	  they	  are	  typically	  the	  least	  abundant.	  	  Due	  to	  RNA’s	   instability	   and	   low	   molecular	   abundance,	   detection	   methods	   for	   RNA	   in	  whole	  cells	  are	  challenging	  and	   limited	   in	  number.	  RNA	  detection	  methods	  can	  be	  put	  into	  two	  broad	  categories,	  in	  situ	  methods	  that	  are	  performed	  on	  fixed	  cells	  and	  methods	  used	  in	  living	  cells.	  	  	  	  	   Methods	   for	   detecting	   RNAs	   in	   fixed	   and	   living	   cells	   have	   advantages	   and	  shortcomings.	   	  While	  RNA	  detection	   in	   fixed	   cells	   is	   highly	   sensitive	   and	  has	  high	  signal	  to	  background	  ratios,	  the	  cells	  are	  dead	  and	  the	  results	  give	  only	  a	  snapshot	  of	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RNA	   localization	   at	   a	   moment	   in	   time	   while	   all	   temporal	   information	   is	   lost.	  	  Conversely,	  methods	  that	  can	  be	  used	  in	   living	  cells	  to	  detect	  RNA	  in	  real	  time	  are	  invasive,	  tend	  to	  alter	  the	  molecular	  structure	  of	  target	  RNAs	  and	  are	  less	  sensitive	  than	   in	   situ	   methods	   (Schifferer	   et	   al.,	   2009a).	   	   Whether	   RNA	   detection	   is	   being	  performed	   in	   living	   or	   dead	   cells,	   current	  methodologies	   produce	   results	   that	   are	  limited	   to	   interpretation	   and	   are	   prone	   to	   creating	   artifacts.	   	   	   Ideally,	   the	   best	  method	  for	  RNA	  detection	  would	  be	  one	  that	  works	  in	  living	  cells,	  has	  a	  high	  signal	  to	  background	  ratio,	  and	  does	  not	  structurally	  alter	  the	  target	  RNA.	  	  	  	  
1.2.1	  	   RNA	  Detection	  in	  Fixed	  Cells	  	  	   The	  most	  standard	  and	  widely	  used	  method	  for	  RNA	  detection	  in	  fixed	  cells	  is	  
in	  situ	  hybridization	  (ISH).	  	  The	  first	  ISH	  detection	  system	  was	  performed	  in	  Xenopus	  oocytes	   and	   invented	   by	   Joseph	  Gall	   (Gall	   et	   al.,	   1969).	   	   To	   perform	   ISH	   samples,	  whole	   cells	   are	   fixed	   and	   permeabilized	   so	   that	   probes	  with	   complementary	   base	  pair	  (bp)	  sequences	  to	  a	  target	  oligonucleotide	  sequence	  may	  enter	  the	  cell.	  	  Next,	  a	  hybridization	  step	  is	  performed	  so	  that	  the	  oligonucleotide	  probes	  can	  hybridize	  to	  their	   target	   oligonucleotide	   sequence.	   	   Lastly,	   a	   washing	   step	   is	   preformed	   to	  remove	  excess	  unhybridized	  probe,	  and	  signal	  from	  hybridized	  probe	  is	  detected.	  In	  Gall’s	   initial	   experiment	  DNA,	   rather	   than	  RNA,	  was	   targeted	  with	   tritium-­‐labeled	  RNA	  probes	  and	  signal	  was	  detected	  with	  autoradiography	  on	  X-­‐ray	  film.	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   Since	   the	   invention	  of	   ISH	  the	  method	  has	  been	   improved	  greatly.	   	  The	   ISH	  system	   was	   adapted	   to	   detect	   RNA	   instead	   of	   DNA	   (Harrison	   et	   al.,	   1973).	  	  Radioactive	   probes	   have	   been	   replaced	   with	   non-­‐radioactive	   fluorescent	   probes	  (Langer-­‐Safer	  et	  al.,	  1982)	  and	  digoxigenin	  probes	   (Schaerenwiemers	  et	  al.,	  1993)	  that	   offer	   less	   hazardous	   experimentation	   conditions	   as	   well	   as	   many	   other	  advantages.	   	   Non-­‐radioactive	   probes	   are	   more	   stable	   and	   require	   much	   shorter	  exposure	   times	   to	   yield	   results	   compared	   to	   radioactive	   probes	   that	   require	  exposure	  on	  film.	   	  It	  is	  true	  that	  isotopic	  probes	  have	  high	  specificity	  but	  generally	  they	   have	   limited	   resolution.	   	   Lastly,	   radioactive	   probes	   are	   costly	   and	   more	  hazardous	  than	  non-­‐radioactive	  probes	  (Levsky	  et	  al.,	  2003).	  	  	  	  	   The	   use	   of	   fluorescent	   probes	   with	   in	   situ	  hybridization	   (FISH)	   allows	   for	  multiplexing	  of	  many	  different	   targets	  because	  you	  can	  have	  multiple	  probes	  with	  different	  colors	  allowing	  multiple	  target	  RNAs	  to	  be	  seen	  in	  the	  same	  cell	  (Levsky	  et	  al.,	   2002).	   	   This	   accomplishment	   was	   a	   major	   improvement	   over	   traditional	  radioactive	   probes	   because	   multiple	   targets	   cannot	   be	   differentiated	   by	  autoradiography.	   	   FISH	   probes	   are	   have	   been	   constructed	   with	   various	   designs	  depending	   on	   the	   abundance	   and	   accessibility	   for	   probes	   to	   hydrogen	   bond.	   	   A	  relatively	  abundant	  mRNA,	  β-­‐actin,	  was	  detected	  in	  mammalian	  cells	  by	  researchers	  using	   five	   50	   nt	   probes	   that	   were	   each	   decorated	   with	   five	   fluorescent	   labels	  (Femino	  et	  al.,	  1998).	   	  Alternatively,	  more	  probes	  can	  be	  used	  that	  each	  contains	  a	  single	   fluorescent	   label	   (Raj	   et	   al.,	   2006;	  Vargas	   et	   al.,	   2005).	   	   In	   either	   case,	   each	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RNA	  target	  must	  have	  enough	  hybridized	  probes	  with	  enough	  fluorescent	  labels	  to	  be	   successfully	   detected	   using	   FISH.	   	   	   Through	   various	   improvements	   FISH	  methodology	   has	   become	   so	   sensitive	   that	   single	   mRNA	   molecule	   detection	   has	  been	  reported	  in	  Drosophila	  melanogaster	   (Pare	  et	  al.,	  2009).	   	  This	  work	  utilized	  a	  combination	   of	   ISH	   and	   immunostaining	  where	  mRNAs	   of	   interest	   were	   targeted	  with	   haptenated	   RNA	   probes	   and	   subsequently	   bound	   with	   fluorescent	   signaling	  antibodies.	  	  Following	  this	  study,	  other	  methods	  were	  created	  to	  detect	  single	  RNA	  molecules	  using	  FISH	  that	  are	  described	  below.	  	  	  	  	   One	   of	   the	   most	   recent	   and	   robust	   RNA	   FISH	   methods	   to	   date	   is	   FISH	  combined	   with	   rolling	   circle	   amplification	   (RCA)	   (Larsson	   et	   al.,	   2010).	   Unlike	  normal	   FISH,	   all	   RNA	   transcripts	  were	   converted	   into	   cDNA	   in	   fixed	   samples	   and	  ligated	  to	  padlock	  probes	  for	  RCA.	  	  Fluorescent	  probes	  were	  then	  hybridized	  to	  the	  multiple	   tandem	   repeat	   sequence	   of	   the	   padlock	   probe	   created	   by	   RCA.	   	   This	  approach	   demonstrated	   both	   single	  mRNA	  molecule	   detection	   and	   differentiation	  between	  mRNA	  targets	  with	  a	  single	  nucleotide	  mutation.	  	  	  	  	   Despite	   the	   impressive	   advances	   and	   accomplishments,	   there	   are	   inherent	  drawbacks	  to	  RNA	  detection	  using	  FISH.	  	  The	  biggest	  caveat	  is	  that	  all	  FISH	  methods	  are	  in	  situ	  and	  performed	  on	  fixed	  cells	  that	  are	  permeabilized.	  	  Because	  the	  cells	  are	  dead	   and	   their	  membrane	   structure	  may	   be	   disrupted,	   results	   can	   be	   partially	   or	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entirely	  an	  artifact	  of	  the	  fixation	  and	  treatment	  of	  the	  cells	  by	  the	  chemicals	  in	  the	  method.	  	  	  	  
1.2.2	  	   RNA	  Detection	  in	  Living	  Cells	  Using	  Molecular	  Probes	  	   This	  section	  details	  current	  methods	  for	  detecting	  RNA	  in	  living	  cells	  that	  are	  generally	   considered	   invasive	   rather	   than	   non-­‐invasive.	   	   Non-­‐invasive	   methods	  utilize	  the	  endogenous	  machinery	  of	  the	  cell	  to	  create	  signaling	  molecules	  that	  can	  bind	  to	  target	  RNAs	  from	  within	  the	  cell.	  	  These	  are	  elegant	  systems,	  however,	  these	  methods	   require	  RNA	  modification	  by	   addition	   of	   cis	   element	   sequences	   to	   either	  the	  5’	  or	  3’	  ends	  of	  the	  target	  RNA.	  	  The	  modifications	  to	  target	  RNAs	  necessary	  for	  non-­‐invasive	  RNA	  detection	  create	  an	  inherent	  drawback	  to	  these	  systems.	  	  Because	  the	  target	  RNA	  has	  been	  modified	  it	  cannot	  be	  determined	  from	  results	  whether	  the	  behavior	  of	  the	  RNA	  target	  has	  been	  altered	  as	  well.	  	  The	  invasive	  methods	  for	  live	  cell	  RNA	  detection	  do	  not	  require	  such	  modifications	  because	  they	  use	  probes	  with	  complementary	   sequences	   that	   bind	   to	   unmodified	   endogenous	   sequences	  within	  RNA	  targets.	  	  	  	   There	   are	   more	   varieties	   of	   invasive	   than	   non-­‐invasive	   methods	   for	   RNA	  detection	   in	   living	   cells.	   	   This	   is	   because	   researchers	   are	   not	   limited	   to	   cellular	  machinery	  for	  synthesis	  of	  molecular	  probes.	   	  These	   invasive	  probes	  are	  generally	  linear	   and	   rely	   on	   complementary	   base	   pair	   hybridization	   as	   a	   means	   of	   RNA	  detection.	   	   The	   cost	   of	   linear	   probes	   tends	   to	   proportionally	   increase	   with	   their	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wide-­‐ranging	   complexity.	   	   Many	   off	   these	   probes	   are	   simple	   DNA	   or	   RNA	  oligonucleotides	  with	  a	  single	  chromophore	  attached	  to	  them	  and	  they	  bind	  to	  their	  target	  RNA	  through	  hybridization.	  	  The	  major	  drawback	  to	  these	  inexpensive	  linear	  probes	   is	   that	   they	   are	   fluorescent	   whether	   bound	   to	   their	   target	   or	   not,	   which	  creates	  a	  high	  background	  signal.	  	  	  	  	   To	   circumvent	   the	   drawback	   of	   background	   signal,	   linear	   probes	   can	   be	  synthesized	  such	  that	  they	  fluoresce	  only	  when	  hybridized	  to	  their	  RNA	  target.	  	  Two	  classes	   of	   these	   linear	   probes	   used	   for	   RNA	   detection	   in	   living	   cells	   are	   Forster	  Resonance	  Energy	  Transfer	   (FRET)	  probes	  and	  molecular	  beacons.	   	  Linear	  probes	  labeled	   with	   donor	   and	   acceptor	   fluorophores	   5’	   and	   3’	   respectively,	   that	   can	  hybridize	  to	  adjacent	  sequences	  when	  bound	  to	  a	  target	  RNA	  will	  result	   in	  a	  FRET	  signal	   when	   excited.	   	   	   A	   FRET	   signal	   will	   only	   occur	   when	   both	   probes	   have	  hybridized	  to	  their	  target	  RNA	  sequence.	   	  Using	  linear	  probes	  in	  combination	  with	  FRET	   has	   demonstrated	   reduction	   in	   background	   signal	   by	   ten-­‐fold	   over	   normal	  linear	   probes	   with	   a	   single	   fluorescent	   marker	   (Tsuji	   et	   al.,	   2000).	   	   A	   similar	  reduction	   in	   background	   is	   achieved	  with	   the	   use	   of	  molecular	   beacons	   but	   by	   a	  different	  mechanism.	  	  	  	  	   Molecular	   beacons	   are	   hairpin-­‐shaped	   oligonucleotides	   that	   are	   internally	  quenched	  and	  restore	  fluorescence	  when	  hybridized	  to	  their	  RNA	  target	  (Tyagi	  et	  al.,	  1996).	  Key	  components	  necessary	  for	  this	  mechanism	  to	  function	  are	  as	  follows:	  a	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loop	  region	  complementary	   to	  a	   target,	  a	  stem,	  a	   fluorophore	  and	  a	  quencher	   that	  are	  that	  are	  each	  covalently	  bound	  to	  the	  5’	  or	  3’	  ends.	  	  	  Typically	  molecular	  beacons	  are	  25	  -­‐	  30	  nucleotides	  long,	  have	  a	  5	  -­‐	  7	  nucleotide	  stem	  and	  a	  15	  -­‐	  20	  nucleotide	  loop.	   	   Once	   the	   loop	   region	   has	   hybridized	   to	   the	   target	   RNA	   the	   stem	   is	  disassociated,	   separating	   the	   quencher	   from	   the	   fluorophore,	   which	   allows	   the	  fluorophore	  to	  be	  excited	  and	  become	  fluorescent.	  	  It	  has	  been	  shown	  that	  molecular	  beacons	  can	  readily	  discriminate	  between	  perfectly	  complementary	  sequences	  and	  single	   mismatch	   sequences	   in	   living	   cells	   (Tsourkas	   et	   al.,	   2003).	   	   The	   high	  specificity	   of	   molecular	   beacons	   has	   been	   successfully	   combined	   with	   the	   low	  background	  signal	   associated	  with	  FRET	   in	  a	  dual	  molecular	  beacon	  FRET	  system	  (Tsourkas	  et	  al.,	  2003).	  	  Since	  molecular	  beacons,	  FRET	  and	  dual	  molecular	  beacon	  FRET	  probes	  are	  being	  used	  in	  living	  cells	  and	  are	  made	  of	  either	  DNA	  or	  RNA	  they	  are	   still	   subject	   to	   nuclease	   activity	  when	   bound	   to	   their	   target	   RNA	   as	   a	   duplex.	  	  This	   challenge	   can	   be	   averted	   by	   synthesizing	   probes	   out	   of	   locked	   nucleic	   acids	  (LNA)	   (Wang	   et	   al.,	   2009)	   or	   2’	   O-­‐methyl	   modified	   RNA	   (Molenaar	   et	   al.,	   2001)	  backbones	  which	  are	  not	  susceptible	  to	  nuclease	  cleavage.	  	  	  	  
1.3	  	  	   Aptamer	  Associated	  Methods	  for	  RNA	  Detection	  in	  Live	  Cells	  Currently,	   the	   only	   non-­‐invasive	   method	   for	   labeling	   RNA	   is	   to	   use	   the	  molecular	  machinery	  of	  the	  cell	  to	  generate	  fluorescent	  probes	  that	  have	  affinity	  for	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RNAs	  of	   interest.	   	  These	  epitope	  tags,	  or	  aptamers,	  are	  short	  stretches	  of	  RNA	  that	  have	  unique	   secondary	   and	   tertiary	   structure	   and	  have	  high	  binding	   affinity	   for	   a	  specific	   complementary	   protein.	   	   The	   first	   non-­‐invasive	  method	   to	   detect	   RNA	   in	  living	  cells	  used	  S.	  cereviseae	  to	  study	  the	   localization	  and	  behavior	  of	  Ash1	  mRNA	  (Bertrand	   et	   al.,	   1998).	   In	   this	   system	   the	   MS2	   coat	   protein	   was	   fused	   to	   green	  fluorescent	   protein	   (GFP)	   and	   expressed	   in	   the	   cell.	   Twelve	   MS2	   aptamers	   were	  fused	   to	   the	   3’	   end	   of	   Ash1	  mRNA	   and	   allowed	   visualization	   of	   the	  Ash1	  mRNA’s	  movement	   by	   fluorescent	   microscopy	   in	   budding	   yeast.	   As	   previously	   stated,	   the	  major	  criticism	  of	  the	  study	  was	  that	  adding	  12	  binding	  motifs	  to	  the	  3’	  end	  might	  alter	   Ash1	   mRNA	   functionally;	   in	   theory,	   this	   modification	   could	   alter	   the	  endogenous	  behavior	   of	   the	  mRNA.	   	  However,	   the	   results	   of	  Bertrand	  et	  al.,	   1998	  were	  supported	  by	  previous	  work	  (Long	  et	  al.,	  1997)	  that	  showed	  the	  movement	  of	  Ash1	  mRNA	  into	  the	  daughter	  cell	  of	  budding	  yeast.	  	  There	  is,	  however,	  a	  drawback	  to	   this	   approach,	   beyond	   modification	   of	   a	   target	   mRNA.	   	   Because	   of	   high	  background	  signal	  it	  is	  difficult	  to	  determine	  which	  signal	  is	  bound	  to	  the	  RNA	  and	  which	  is	  not	  since	  the	  fluorescent	  protein	  is	  present	  in	  the	  system	  at	  all	  times.	  	  	  Since	  the	   original	   study,	   the	   signal	   to	   background	   ratio	   of	   the	   MS2	   system	   has	   been	  improved	   (Wu	   et	   al.,	   2012),	   but	   still	   contains	   fully	   folded	  GFP	  protein.	   	   	   It	   is	   also	  important	  to	  note	  that	  a	  nuclear	  localization	  sequence	  (NLS)	  was	  added	  to	  the	  MS2-­‐GFP	   fusion	   proteins	   and	   that	   any	   unbound	   fluorescent	   proteins	   should	   localize	   to	  the	  nucleus,	  but	  this	  is	  not	  a	  certainty.	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A	   system	   that	   successfully	   cirucumvented	   the	   high	   background	   created	   by	  fully	   folded	   GFP	   was	   developed	   in	   E.	   coli	   using	   the	   by	   incorporating	   the	   eIF4A-­‐aptamer	   into	   the	   3’	   UTR	   of	   different	   RNAs	   (Valencia-­‐Burton	   et	   al.,	   2007).	   In	   this	  system	  split	  fragments	  of	  eukaryotic	  initiation	  factor	  4A	  (eIF4A)	  were	  fused	  to	  split	  fragments	  of	  enhanced	  green	  fluorescent	  protein	  (EGFP).	  	  This	  approach	  adapted	  a	  protein	   complementation	  assay	  where	  a	   fully	   formed	  and	   functioning	  eIF4A-­‐EGFP	  fusion	  protein	  would	  reform	  only	  on	   the	  eIF4A-­‐aptamer	  attached	   to	   the	  3’	  UTR	  of	  target	  RNAs.	  The	  major	  advantage	  to	  this	  approach	  is	  that	  background	  fluorescence	  is	   significantly	   reduced	   because	   split	   fusion	   proteins	   assemble	   into	   fully	   active	  fluorescent	   protein	   on	   in	   the	   presence	   of	   RNA	   tagged	   with	   an	   aptamer.	   One	  disadvantage	  to	  this	  approach	  is	  an	  extraneous	  aptamer	  sequence	  is	  attached	  to	  the	  target	  RNA	  that	  might	  alter	  the	  behavior	  of	  the	  RNA	  in	  vivo.	  	   Recently,	   a	   slightly	   more	   invasive	   system	   has	   been	   developed	   to	   detect	  modified	   target	  RNAs	   in	   living	   cells	   like	   the	  MS2	   system	   (Paige	   et	   al.,	   2011).	   	  The	  trade	   off	   to	   become	  more	   invasive	   is	   offset	   by	   a	   reduction	   in	   background	   signal.	  	  	  This	   method	   substitutes	   MS2-­‐GFP	   reporter	   molecules	   that	   are	   ubiquitously	  fluorescent	  throughout	  the	  cell	  with	  a	  caged	  small	  molecule,	  SPINACH,	  which	  is	  only	  fluorescent	   when	   bound	   to	   the	   cis-­binding	   element	   added	   to	   the	   target	   RNAs.	  	  Currently,	  there	  is	  only	  one	  example	  of	  a	  method	  that	  has	  non-­‐invasively	  detected	  a	  target	  RNA	  in	  living	  cells	  without	  target	  modifications	  (Ozawa	  et	  al.,	  2007)	  which	  is	  	  described	   in	   the	   next	   section	   detailing	   the	   necessity	   and	   challenges	   to	   non-­‐
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invasively	  target	  unmodified	  RNAs	  in	  living	  cells.	  	  	  	  
1.4	  	   Necessity	  for	  Unmodified	  RNA	  Detection	  and	  Challenges	  	   It	   is	  now	  clear	  that	  correct	  localization	  of	  certain	  RNAs	  is	  crucial	  for	  proper	  development,	   structural	  organization	  and	   function	  of	   the	   cell.	   	   In	  vivo	   detection	  of	  endogenous	   RNA	   is	   a	   challenging	   task	   because	   of	   low	  RNA	   concentrations	   in	   live	  cells,	   its	   transient	   character,	   limited	   accessibility	   for	   molecular	   probes,	   and	  sensitivity	  to	  modification.	  	  	  	   To	  date	  the	  only	  methods	  available	  for	  detection	  of	  endogenous	  unmodified	  RNA	  in	  living	  cells	  require	  molecular	  probes	  and	  invasive	  delivery	  systems	  of	  those	  probes.	  	  It	  is	  critical	  to	  study	  RNA	  in	  its	  endogenous	  state	  because	  any	  modifications	  to	  a	  RNA	  species	  potentially	  will	   lead	   to	  artifactual	   results.	   	  At	   the	   same	   time,	   the	  invasive	   nature	   of	   molecular	   probes	   themselves	   can	   also	   result	   in	   alterations	   in	  cellular	  metabolism	  that	  can	  alter	  the	  behavior	  of	  a	  RNA	  being	  targeted.	  	  	   A	   recent	   review	  of	   the	  methods	  using	   fluorescence	   to	   label	  RNA	   found	   that	  there	   is	   only	   one	   technique	   to	   non-­‐invasively	   label	   any	   unmodified	   RNA	   species	  (Schifferer	   et	   al.,	   2009b).	   The	   one	   exception	   was	   an	   elegant	   study	   where	   an	  unmodified	  mitochondrial	   RNA	   encoding	  NADH	   dehydrogenase	   subdunit	   6	   (ND6)	  was	   detected	   in	   living	   cells	   (Ozawa	   et	   al.,	   2007).	   	   The	   authors	   utilized	   protein	  complementation	  by	  engineering	  split	  GFP	  fragments	  that	  were	  fused	  to	  genetically	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modified	  Pumilio	  homology	  domains	   (PUM-­‐HD).	   	   Each	  PUM-­‐HD	  was	   comprised	  of	  eight	  different	  elements;	  each	  of	  which	  recognized	  a	  specific	  RNA	  base	  such	  that	  the	  GFP-­‐PUM-­‐HD	   fusion	   proteins	   would	   bind	   to	   16	   nucleotides	   of	   ND6	   mtRNA	   and	  become	  fluorescent.	   	  These	  fusion	  proteins	  were	  constitutively	  expressed	  negating	  an	  invasive	  delivery	  system	  of	  probes	  and	  demonstrated	  fluorescent	  localization	  of	  ND6	  mtRNA	  in	  real	  time.	  	  This	  accomplishment	  does,	  however,	  present	  a	  significant	  limitation	  for	  endogenous	  RNA	  detection	  in	  living	  cells.	  	  The	  engineering	  involved	  to	  create	  genetically	  modified	   fusion	  proteins	   is	   laborious	  and	  detection	   is	   limited	   to	  one	  specific	  sequence	  on	  a	  specific	  RNA	  molecule.	  	  	  	   The	   recent	   focus	   on	   the	  wide	   diversity	   of	   non-­‐coding	   RNAs	   (Mattick	   et	   al.,	  2006)	   and	   the	   understanding	   of	   their	   biological	   significance	   highlight	   the	   lack	   of	  technology	   and	   ability	   to	   characterize	   the	   spatio-­‐temporal	   processing	   and	  trafficking	   of	   RNA	   in	   vivo.	   	   	   The	   available	  methods	   of	   RNA	   labeling	   for	   functional	  studies	   require	   either	   RNA	  modifications	   (with	   aptamers)	   or	   invasive	   delivery	   of	  molecular	  probes.	  Therefore,	  the	  ideal	  method	  for	  RNA	  studies	  would	  combine	  the	  advantages	  of	  both	  methods:	  it	  would	  require	  non-­‐invasive	  approach	  and	  would	  not	  require	  RNA	  modification.	  	  	  
	  
1.5	  	   Specific	  Goals	  and	  Aims	  	   In	   this	   thesis,	   a	   novel	   non-­‐invasive	   technique	   is	   proposed	   that	   utilizes	   a	  combination	   of	   protein	   complementation	   and	   split	   aptamer	   approaches	   to	   detect	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endogenous	  RNA	  in	  live	  cells.	  	  Utilizing	  a	  previously	  developed	  technique	  in	  the	  lab	  that	  uses	  protein	  complementation	  to	  reduce	  background,	  RNAs	  were	  fluorescently	  detected	   by	   the	   3’	   addition	   of	   the	   eIF4a	   aptamer	   and	   co-­‐expressed	   in	  E.	  coli	  with	  split	   eIF4a/EGFP	   fusion	   proteins	   (Fig	   1.1)	   (Valencia-­‐Burton	   et	   al.,	   2007).	   	   The	  presence	   of	   the	   eIF4a	   aptamer	   drove	   re-­‐assembly	   of	   the	   split	   fusion	   proteins	   and	  increased	  fluorescence	  over	  cells	  expressing	  the	  same	  RNA	  without	  eIF4a	  aptamer	  modification.	  	  Taking	  a	  step	  further,	  in	  the	  proposed	  method	  the	  eIF4a	  aptamer	  was	  split	   into	   two	   halves	   and	   modified	   by	   adding	   5’	   and	   3’	   antisense	   sequences	  complementary	  to	  a	  target	  RNA.	  Thus,	  two	  RNA	  probes	  would	  hybridize	  the	  target	  RNA	   through	   antisense	   sequences	   and	   allow	   proper	   folding	   of	   the	   split	   eIF4a	  aptamer.	   	  Once	  the	  aptamer	  is	  reformed,	  the	  co-­‐expressed	  eIF4a/EGFP	  split	   fusion	  proteins	  will	  re-­‐associate	  on	  the	  aptamer	  and	  create	  a	  fluorescent	  RNP	  complex	  on	  an	  endogenous	  RNA	  target	  (Fig.	  1.2).	  	  	  	  	  	  	  	  	  	  Figure	   1.1.	   Schematic	   to	   visualize	   RNAs	   in	   living	   cells	   using	   protein	  
complementation	   triggered	   by	   aptamer-­protein	   interaction.	   	   (Top)	   Non-­‐fluorescent	   split	   fusion	  proteins	   each	   containing	  a	   fragment	  of	   split	  EGFP	   (A	  &	  B)	  and	   split	   protein	   (F1	  &	   F2)	   are	   co-­‐expressed	  with	  mRNA	   that	   has	   eIF4a	   aptamer	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attached	  to	  the	  3’	  UTR.	  	  (Bottom)	  Presence	  of	  eIF4a	  aptamer	  drives	  re-­‐association	  of	  eIF4a	   protein	   halves,	   which	   drives	   re-­‐association	   of	   split	   EGFP	   and	   rescues	  fluorescence.	  	  Figure	  adapted	  from	  (Valencia-­‐Burton	  &	  Broude,	  2007).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	   1.2.	   	  Schematic	   of	   RNA	   detection	   using	   protein	   complementation	   and	  
split	  aptamer	  approach.	  	  (A)	  Endogenous	  target	  RNA	  in	  the	  presence	  of	  split	  RNA	  probes	   that	   contain	   half	   an	   aptamer	   sequence	   and	   complementary	   antisense	  sequences	  for	  hydrogen	  bonding	  toward	  endogenous	  target	  RNA	  sequence.	  	  (B)	  RNA	  probes	  bound	  to	  endogenous	  RNA	  target	  via	  hydrogen	  bonding.	  	  Binding	  of	  probes	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to	   target	   RNA	   reforms	   tertiary	   structure	   of	   eIF4a	   aptamer	   sequence	   within	   RNA	  probes	  in	  the	  presence	  of	  split	  eIF4a-­‐EGFP	  split	  fusion	  proteins.	  	  (C)	  Presence	  of	  re-­‐associated	  eIF4a	  aptamer	  sequence	  on	  endogenous	  RNA	  target	  drives	  reassociation	  of	  split	  eIF4a-­‐EGFP	  and	  rescues	  fluorescence	  of	  EGFP	  in	  a	  sequence	  specific	  manner.	  	  	  
A	   B	   	   	   	   C	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CHAPTER	  2	  
	  
MATERIALS	  AND	  METHODS	  
	  
	  
2.1	  	  	   Cell	  Strains	  All	  cloning	  reactions	  were	  performed	  using	  E.	  coli	  XL-­‐10	  cells,	  while	  all	  expression	  experiments	  used	  E.	  coli	  BL21(DE3)	  cells.	  	  	  Bacterial	  strains	  containing	  plasmids	  are	  listed	  in	  Table	  2.1.	  	  
2.2	  	  	   Plasmid	  Construction	  &	  Reagents	  Two	   RNA	   probes	   were	   designed	   to	   contain	   one	   half	   of	   the	   eIF4A-­‐binding	  aptamer	   and	   11	   nucleotides	   complementary	   to	   a	   22	   nt	   site	   within	   the	   β-­‐globin	  mRNA.	  These	  two	  parts	  were	   linked	  through	  the	   linker	  CCTCC.	  The	  corresponding	  oligonucleotides	  were	   purchased	   from	   Integrated	   DNA	   Technologies	   (IDT)	   (Table	  2.2)	   and	   cloned	   into	   the	   two	   multiple	   cloning	   sites	   of	   the	   vector	   pETDuet-­‐1	  (Novagen).	  Probe	  #1	  was	  cloned	  between	  the	  BamHI	  and	  NotI	  restriction	  sites	  in	  the	  first	  MCS.	  Probe	  #2	  was	  cloned	  between	  the	  BglI	  and	  XhoI	  restriction	  enzyme	  sites	  in	  the	  second	  MCS	  (plasmid	  pPTT05)	  using	  a	  cloning	  method	  descried	  by	  Vasl	  and	  co-­‐workers	   (Vasl	  et	  al.,	  2004).	  The	  negative	  controls	  contained	  Probe	  #1	  or	  Probe	  #2	  cloned	  separately	   in	  pETDuet1	  (Table	  2.1,	  plasmids	  pPTT01	  and	  pPTT20).	  The	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probe	   that	   targeted	   the	   antisense	   strand	   of	   the	  β-­‐globin	  mRNA	  was	   cloned	   in	   the	  plasmid	   pPTT22.	   	   All	   plasmids	   were	   isolated	   using	   a	   QIAgen®	  Miniprep	   Kit	   and	  confirmed	  by	  DNA	  sequencing.	  	  	   A	  198	  bp	  oligonucleotide	  corresponding	  to	  the	  β-­‐globin	  gene	  was	  purchased	  from	  IDT	  (Table	  2.2)	  and	  cloned	  into	  the	  pRSFDuet	  vector	  (Novagen®)	  between	  the	  
BamH1	  and	  Not1	  restriction	  sites	  in	  the	  first	  multiple	  cloning	  site	  (plasmid	  pPTT07).	  A	   negative	   control	   contained	   the	   same	   fragment	   of	   the	   β-­‐globin	   mRNA	   with	   a	  scrambled	  22-­‐nt	  target	  site	  (plasmid	  pPTT10).	  	   A	  full-­‐length	  rabbit	  β-­‐globin	  gene	  was	  reverse	  transcribed	  from	  purchased	  	  
β-­‐globin	   mRNA	   (Sigma-­‐Aldrich®)	   using	   an	   Invitrogen™	   SuperScript®	   III	   First-­‐Strand	  Synthesis	  Kit.	  	  	  The	  cDNA	  template	  was	  cloned	  using	  Overlap	  Extenstion	  PCR	  with	  primers	  15	  and	  16	  (Table	  2.2)	  into	  the	  pRSFDuet	  (Novagen®)	  vector	  (plasmid	  pPTT11).	   The	   negative	   control,	   a	   full-­‐length	   β-­‐globin	   mRNA	   with	   the	   scrambled	  target	   site,	   was	   created	   from	   the	   full-­‐length	   β-­‐globin	   mRNA	   plasmid	   (Table	   2.1,	  plasmid	   pPTT11)	   using	   PCR	   mutagenesis	   with	   the	   primers	   3	   and	   4	   (Table	   2.2)	  resulting	  in	  a	  plasmid	  pPTT12	  (Table	  2.1).	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2.2.1	  	   	  Mutagenesis	  of	  Aptamer	  Sequences	  To	  introduce	  the	  point	  mutation	  G21A,	  mutation	  (M12)	  (Oguro	  et	  al.,	  2003),	  into	  the	  split	  aptamer	  sequences	  within	  plasmid	  pPTT05	  we	  used	  PCR	  mutagenesis	  with	  the	  primers	  5	  and	  6	  (plasmid	  pTT32,	  Table	  2.1).	  The	  mutation	  U20A,	  mutation	  (M7)	   (Oguro	   et	   al.,	   2003),	   was	   obtained	   accidentally	   during	   mutagenesis	   and	   is	  contained	   within	   the	   plasmid	   pPTT31.	   	   Lastly,	   a	   mutation/insertion	   mutant	  A50G/ins55A	  was	  obtained	  as	  a	  byproduct	  during	  cloning	  of	  the	  RNA.	  This	  mutant	  is	  expressed	  in	  plasmid	  pPTT38.	  	  All	  mutations	  were	  confirmed	  by	  DNA	  sequencing	  and	  are	  listed	  in	  Table	  2.3.	  	  	  	  
2.2.2	  	  	  Preparation	  of	  Probes	  Targeting	  Bacterial	  mRNAs	  All	   plasmids	   expressing	   RNA	   probes	   targeted	   to	   different	   bacterial	  mRNAs	  were	  obtained	  by	  one-­‐step	  mutagenesis	  of	   the	  plasmid	  pPTT05	  using	   the	  protocol	  described	  by	  Unger	  and	  coworkers	  (Unger	  et	  al.,	  2010).	  The	  target	  sites	  are	  listed	  in	  Table	   2.4	   and	   the	   primers	   for	   mutagenesis	   in	   Table	   2.5.	   All	   sequences	   were	  confirmed	  by	  sequencing.	  The	  plasmids	  expressing	  mRNA-­‐specific	  probes	  are	  listed	  in	  Table	  2.1.	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2.3	   Transformation	  and	  Cell	  Culturing	  To	   label	   β-­‐globin	   mRNA,	   E.	   coli	   cells	   BL21	   (DE3)	   were	   transformed	   with	  three	   compatible	   plasmids,	   pPTT05,	   pPTT07	   and	   pMB53	   plasmid	   as	   described	  earlier	  (Valencia-­‐Burton	  et	  al.,	  2007).	  	  To	  detect	  bacterial	  mRNAs	  two	  plasmids	  were	  necessary,	  a	  plasmid	  expressing	  two	  RNA	  probes	  and	  the	  plasmid	  pMB53.	  	  LB	  media	  was	  supplied	  with	  the	  necessary	  antibiotics,	  and	  the	  cells	  starting	  from	  one	  colony	  were	   grown	   at	   37°C	   for	   3	   -­‐	   4	   h.	   	   The	   concentrations	   of	   the	   antibiotics	   were	   as	  follows:	   chloramphenicol,	   34	   µg/mL;	   kanamycin,	   50	   mg/mL;	   and	   ampicillin,	   100	  
µg/mL.	   	   The	   culture	   was	   then	   diluted	   (1	   :	   10	   and	   1	   :	   100)	   into	   3	  mL	   	   of	   media,	  induced	   with	   1	   mM	   IPTG	   and	   grown	   overnight	   in	   LB	   at	   20	   -­‐	   25°C	   .	   	   Cells	   were	  collected	  at	  equal	  optical	  densities	  between	  OD600	  of	  0.4	  –	  0.6.	  	  500	  µL	  of	  cells	  were	  washed	   twice	   in	   500	   µL	   1X	   PBS	   and	   used	   for	   FACS	   analysis	   and	   fluorescent	  microscopy.	  	  
2.4	   Fluorescent	  Quantification	  using	  Flow	  Cytometry	  To	  measure	   fluorescence	   of	   a	   cell	   population,	   we	   used	   a	   Becton-­‐Dickinson	  FACSCalibur	  flow	  cytometer	  with	  a	  488	  -­‐	  nm	  argon	  excitation	  laser	  and	  a	  515	  –	  545	  nm	   emission	   filter	   (FL1).	   	   Fluorescence	   of	   100,000	   cells	   was	   measured	   in	   each	  sample.	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2.5	  	   Fluorescent	  Microscopy	  Analysis	  For	   fluorescent	   microscopy	   bacterial	   cells	   were	   immobilized	   in	   culture	  between	  a	  cover	  slip	  and	  a	  thin	  slab	  of	  0.8%	  agarose	  in	  1X	  PBS.	  The	  samples	  were	  imaged	   on	   a	   Nikon	   inverted	   microscope	   Eclipse	   Ti-­‐E	   with	   Nikon	   CF160	   optical	  system	  and	  NIS	  Elements	  software.	  All	  experiments	  were	  carried	  out	  on	  a	  100X	  oil	  immersion	   objective	   with	   a	   100-­‐400	   msec	   exposure.	   Differential	   Interference	  Contrast	  (DIC),	  fluorescent	  (FITC)	  and	  DAPI	  images	  were	  taken	  simultaneously.	  	  
2.6	  	   Quantification	  of	  Cellular	  RNA	  Components	  using	  qPCR	  Real-­‐time	  quantitative	  PCR	  (qPCR)	  analysis	  was	  performed	  on	  RNA	  samples	  isolated	  from	  1	  mL	  of	  cultures	  that	  were	  harvested	  at	  approximately	  equal	  of	  OD600	  0.4-­‐0.6.	   RNA	  was	   isolated	   using	   QIAgen®	   RNeasy®	   Mini	   Kit	   and	  was	   turned	   into	  cDNA	  using	   an	   Invitrogen™	   SuperScript®	   III	   First-­‐Strand	   Synthesis	   System.	   	   Each	  cDNA	  reaction	  used	  2	  µg	  of	  RNA	  from	  each	  cell	  line.	  	  qRT-­‐PCR	  was	  performed	  using	  approximately	   200	   ng	   of	   cDNA	   and	   the	   Roche	   RT-­‐PCR	   Kit	   with	   SYBR	   Green,	  according	  to	  the	  manufacturer’s	  guidelines.	  	  A	  reaction	  lacking	  reverse	  transcriptase	  was	   included	   for	   each	   sample,	  which	   served	   as	   a	   control	   for	   DNA	   contamination.	  	  16S	   rRNA	  was	   used	   as	   a	   reference	   gene.	   	   Amplification	  was	   performed	   using	   the	  Roche	  LightCycler	  480	  under	  the	  following	  conditions:	  95°C	  –	  5	  min,	  (95°C	  –	  10	  sec,	  58°C	   –	   10	   sec,	   72°C	   –	   10	   sec)	   for	   45	   cycles.	   	   The	   PCR	   product	   identities	   were	  confirmed	  by	   gel	   electrophoresis	   on	  1%	  agarose	   gels	   and	  product	  uniformity	  was	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tested	  using	  melting	  curves.	  	  qPCR	  for	  both	  RNA	  components,	  both	  RNA	  probes	  and	  target	  mRNAs,	  	  were	  performed	  on	  at	  least	  two	  independently	  isolated	  RNA	  samples	  using	   three	   serial	   dilutions	   in	   triplicate	   and	   relative	   mean	   ΔCt	   values	   of	   each	  component	  were	  calculated	  by	  comparing	  to	  16S	  rRNA	  as	  a	  reference	  gene.	  	  
2.7	  	   Northern	  Blotting	  Northern	   blotting	  was	   performed	   using	   total	   bacterial	   RNA	   isolated	  with	   a	  QIAGEN®	   RNeasy®	   Mini	   Kit.	   RNA	   separation	   using	   formaldehyde-­‐agarose	   gel	  electrophoresis,	   transfer	   to	   the	   Hybond-­‐H	   membrane	   and	   RNA	   labeling	   was	  performed	   as	   recommended	   by	   the	   DIG	   High	   Prime	   DNA	   labeling	   and	   Detection	  Starter	  Kit	  II	  (Roche).	  	  
2.8	  	   RNA	  FISH	  RNA	   FISH	   was	   performed	   as	   described	   by	   Montero-­‐Llopis	   et	   al.	   (Montero	  Llopis	  et	  al.,	  2010).	  	  All	  RNA	  FISH	  experiments	  were	  performed	  by	  master’s	  student	  Harry	  Driscoll	  of	  the	  Broude	  Lab.	  	  Briefly,	  the	  cells	  were	  fixed	  in	  4%	  formaldehyde,	  30	  mM	  Na2HPO3,	  pH	  7.5,	  15	  min,	  at	  room	  temperature	  and	  then	  on	  ice	  for	  30	  min.	  Then	   the	   cells	  were	  pelleted	   at	  6,000	   rpm	   for	  3	  min	   and	  washed	   in	  DEPC-­‐treated	  PBS	   three	   times.	   	   The	   pellet	   was	   resuspended	   in	   100	   μL	   of	   GTE	   buffer	   (50	   mM	  glucose,	   20	   mM	   Tris-­‐HCl	   pH	   7.5,	   10	   mM	   EDTA	   pH	   8)	   and	   4	   μL	   of	   lysozyme	   (10	  mg/mL)	  solution	  was	  added	  to	  12	  μL	  of	  cell	  suspension	  (10	  μg/ml	  in	  GTE	  plus	  4mM	  vanadyl	  ribonucleside	  complex	  (VRC)).	  The	  cell	  suspension	  was	  placed	  on	  the	  poly-­‐L	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lysine	   coated	   slides	   (PolySciences)	   and	   incubated	   for	  10	  min	  at	   room	   temperture.	  Excess	  liquid	  was	  aspirated	  and	  slides	  were	  dried	  for	  1	  min.	  The	  slides	  were	  placed	  in	   -­‐20°C	  methanol	   for	   10	  min,	   dipped	   into	   -­‐20°C	   acetone	   for	   30	   seconds	   and	   air-­‐dried.	  	  	   The	  slides	  were	  incubated	  at	  37°C	  for	  30-­‐60	  min	  in	  40%	  formamide,	  2X	  SSC	  treated	  with	  DEPC.	  Hybridization	  probe	  (final	  concentration	  250	  nM)	  was	  added	  to	  hybridization	   solution	   I	   (80%	   formamide,	   1	   mg/mL	   E.	   coli	   tRNA,	   2X	   SSC	   DEPC-­‐treated,	  70	  μg/mL	  calf	  thymus	  DNA)	  and	  incubated	  at	  80°C	  for	  5	  min	  before	  mixing	  with	  hybridization	  solution	  II	  (20%	  dextran	  sulfate,	  4	  mM	  VRC,	  40	  U	  RNase	  inhibitor,	  0.2%	  RNase-­‐free	  BSA,	  2X	  DEPC-­‐treated	  SSC)	  in	  1:1	  ratio.	  25-­‐50	  μL	  of	  hybridization	  mixture	  was	  added	  to	  each	  well	  and	  hybridized	  for	  2-­‐3	  h.	  	  	  	   Slides	  were	  washed	   twice	   in	   50%	   formamide,	   2X	   DEPC-­‐treated	   SSC	   for	   30	  min,	   and	  briefly	   rinsed	  5	   times	   in	  DEPC-­‐treated	  PBS.	   4	   μL	  of	  DAPI	   solution	   at	   1.5	  μg/mL	   was	   added.	   	   The	   slides	   were	   covered,	   sealed	   with	   the	   nail	   polish,	   and	  visualized	  immediately	  by	  fluorescent	  microscopy.	   	  The	  samples	  were	  imaged	  on	  a	  Nikon	   inverted	  microscope	  Eclipse	  Ti-­‐E	  with	  Nikon	  CF160	  optical	   system	  and	  NIS	  Elements	   software.	   All	   experiments	   were	   carried	   out	   on	   a	   100X	   oil	   immersion	  objective	  with	  100-­‐400	  msec	  exposure.	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Preparation	  of	  Cy3-­‐labeled	  DNA	  probes	  was	  performed	  using	  cDNA	  prepared	  from	  bacterial	  RNA	  with	  the	  target-­‐specific	  primers	  (Table	  2.6).	   	  Cy3	   fluorescently	  labeled	   probes	  were	   synthesized	   using	  Klenow	   exo-­‐fragment,	   a	  mixture	   of	   dNTPs	  with	  all	  dCTP	  substituted	  by	  Cy3	  dCTP,	  and	  a	  reverse	  primer	  to	  get	  a	  single-­‐stranded	  product	  complementary	  to	  RNA.	  	  
2.9	  	   Analysis	  of	  Cell	  Growth	  Cell	   cultures	   started	   from	   a	   single	   colony	   were	   grown	   to	   OD	   600	   of	  approximately	  0.1	  -­‐	  0.2	  at	  37°C.	  Cell	  cultures	  were	  then	  diluted	  1:500	  into	  two	  tubes	  with	  3	  mL	  of	  LB	  medium	  containing	  appropriate	  antibiotics	  and	  grown	  at	  20°C	  with	  and	  without	  1	  mM	  IPTG.	  At	  4,	  8,	  16,	  20,	  24	  and	  48	  h	  serial	  dilutions,	  1:10	  –	  1:	  100,	  were	   plated	   out	   on	   LB	   plates	   and	   incubated	   overnight	   at	   37°C.	   	   The	   number	   of	  colonies	  were	  counted	  and	  plotted	  as	  a	  function	  of	  time.	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Table	  2.1	  	  	  Plasmids	  used	  in	  this	  study.	  	  Plasmid	  names	  are	  listed	  in	  numerically	  descending	  order	  in	  the	  first	  column.	  	  Next	  to	  each	  plasmid	  is	  the	  parental	  plasmid	  name	  followed	  by	  description	  of	  the	  transcript	  expressed	  from	  each	  plasmid.	  	  The	  selectable	  antibiotic	  resistance	  marker	  for	  each	  plasmid	  is	  listed	  last.	  
	  
Plasmid 
Name 
Parental 
Plasmid 
Cloned Insert Selectable 
Marker 
pPTT01 pETDuet1 1st 1/2 aptamer plus one antisense β-
globin sequence 
Ampicillin  
 
pPTT05 
 
pETDuet1 Two RNA probes specific for β-globin 
mRNA sequence 
 
Ampicillin  
pPTT07 pRSFDuet1 Rabbit β-globin mRNA Fragment Kanamycin 
pPTT11 pRSFDuet1	   Full-size rabbit β-globin mRNA Kanamycin 
 
pPTT12 
 
pRSFDuet1	   Full-size rabbit β-globin mRNA with 
the scrambled target site	    Kanamycin 
pPTT20 pETDuet1	   Rabbit β-globin aptamer probe 2 alone  Ampicillin  
 
pPTT31 pETDuet1	   Two RNA probes specific for β-globin mRNA sequence with the mutation 
U20A in the aptamer sequence (M7)	    Ampicillin  
 
pPTT32 pETDuet1	   Two RNA probes specific for β-globin mRNA sequence with the mutation 
G21A in the aptamer sequence (M12)	    Ampicillin  
pPTT38 pETDuet1	   Two RNA probes specific for 16S rRNA sequence with the mutation A50G/ins55A in the aptamer 
sequence	  
 
Ampicillin  
pPTT66P pETDuet1	   Two RNA probes targeting antisense strand of β-globin mRNA  Ampicillin  
 
pIS_PstC 
 
pETDuet1	   Two RNA probes targeting PstC mRNA  Ampicillin  
 
pIS_CsrA 
 
pETDuet1 Two RNA probes targeting CsrA mRNA 
 
Ampicillin  
pMB53 pACYCDuet1 Two fusion proteins, A-F1 and B-F2 Chloramphenicol 	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Table	  2.2	  Oligonucleotides	  used	  for	  Cloning	  in	  this	  Dissertation.	  	  All	  oligonucleotides	  used	  in	  this	  dissertation	  listed	  by	  name	  in	  first	  column.	  	  Forward	  primers	  and	  reverse	  primers	  are	  denoted	  as	  FP	  and	  RP,	  respectively.	  	  Sequences	  beginning	  with	  “	  P-­‐5’	  ”	  are	  primers	  that	  have	  been	  phosphorylated	  at	  the	  5’	  end.	  	  Template	  oligonucleotides	  and	  sequences	  are	  similarly	  listed	  in	  the	  table.	  
	  
 Primers Sequence (5’→3’)	   
1 Bcl1-FP CCAGCGGATAGTTAATGATAGCCCAC 
2 Bgl1-RP GCGCTCGGCCCTTCCGGCTG 
3 FLScram-FP CTTGCAATCCCCCAAAACAGACAG 
4 FLScram-RP CGAAGAACCTATGGGTCCATAGG 
5 M10mut-FP GGGACCGCGCCCCACATGAGAGGTAGGCCGAAACGCGGCCGC 
6 M10mut-RP GCGGCCGCGTTTCGGCCTACCTCTCATGTGGGGCGCGGTCCC 
7 M12mut-FP GGGACCGCGCCCCACATGTAAGGTAGGCCGAAACGCGGCCGC 
8 M12mut-RP GCGGCCGCGTTTCGGCCTCACTTACATGTGGGGCGCGGTCCC 
9 Probe1-FP P-5’-CCCCACATGTGAGTGAGGCCGAAACGCGGCCGCATAATGCTTAAGTCGA 
10 Probe1-RP P-5’-CGCGGTCCCCGAAGGAAGTCTGCGGTGGATCCTGGCTGTGGTGATGATGG 
11 Probe2-FP P-5’-CACACTTCCCTCCTCACTGGCTCGAGTCTGGTAAAGAAACCGCT 
12 Probe2-RP P-5’-AGCCTCCTGTCGAATCTACGGCCGGCCGATATCCAATTGAGAT 
13 bglob-FP CCATCATCACCACAGCCAGGATCCGCTTGCTTTTGACACAACTGTGTTTAC 
14 bglob-RP CGACTTAAGCATTATGCGGCCGCGAAGAACCTCTGGGTCCATGGGTAG 
15 RBGmRNAFull-FP ACACTTGCTTTTGACACAACTGTGTTTAC 
16 RBGmRNAFull-RP GCAATGAAAATAAATTTCCTTTATTAGCCAGAAGTCAGATGCT 
17 AptConnect-FP CATGTGAGTGAGGCCGAAAC 
18 AptConnect-RP CCAGTGAGGAGGGAAGTG 
19 NewTarget-FP CACTTGCTTTTGACACAACTGTG 
20 RealTarget-RP CGAAGAACCTCTGGGTCC 
21 rrSH-FP CAGCCACACTGGAACTGAGA 
22 rrSH-RP GTGCTTCTTCTGCGGGTAAC 
23 PstC_dir GCTGATTGTGCTATTGATGTTG 
24 PstC-rev GGGACGGCGATCAGCAGCGCG 
25 CsrA_dir CTGATTCTGACTCGTCGAGTTG 
26 CsrA_rev CTGGATACGCTGGTAGATCTC 
27 Hfq_dir GATCCGTTCCTGAACGCACTG 
28 Hfq_rev CATGATGGTAGTTACTGCTGG 
 Templates  
29  Bglob_Frw 
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Template GAUCCCACAC UUGCUUUUGA CACAACUGUG UUUACUUGCA AUCCCCCAAA 
ACAGACAGAA UGGUGCAUCU GUCCAGUGAG GAGAAGUCUG CGGUCACUGC 
CCUGUGGGGC AAGGUGAAUG UGGAAGAAGU UGGUGGUGAG GCCCUGGGCA 
GGCUGCUGGU UGUCUACCCA UGGACCCAGA GGUUCUUCGA GUCCGC 
 
30 
 
Bglob_Rev 
Template 
 
CCGGCGGGAC UCGAAGAACC UCUGGGUCCA UGGGUAGACA ACCAGCAGCC 
UGCCCAGGGC CUCACCACCA ACUUCUUCCA CAUUCACCUU GCCCCACAGG 
GCAGUGACCG CAGACUUCUC CUCACUGGAC AGAUGCACCA UUCUGUCUGU 
UUUGGGGGAU UGCAAGUAAA CACAGUUGUG UCAAAAGCAA GUGUGG 
 
31 Bglob_Scram-Frw Template 
 
GAUCCCACAC UUGCUUUUGA CACAACUGUG UUUACUUGCA AUCCCCCAAA 
ACAGACAGAA UGGUGCAUCU GUGUGUCGCU AGAGCAGAGU GGACCACUGC 
CCUGUGGGGC AAGGUGAAUG UGGAAGAAGU UGGUGGUGAG GCCCUGGGCA 
GGCUGCUGGU UGUCUACCCA UGGACCCAGA GGUUCUUCGA GUCCGC 
 
  
32 Bglob_Scram- Rev Template 
 
GGCCGCGGAC UCGAAGAACC UCUGGGUCCA UGGGUAGACA ACCAGCAGCC 
UGCCCAGGGC CUCACCACCA ACUUCUUCCA CAUUCACCUU GCCCCACAGG 
GCAGUGGUCC ACUCUGCUCU AGCGACACAC AGAUGCACCA UUCUGUCUGU 
UUUGGGGGAU UGCAAGUAAA CACAGUUGUG UCAAAAGCAA GUGUGG 
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Table	  2.3	  	  	  Sequences	  of	  the	  mutant	  eIF4A	  aptamers	  (mutations	  in	  bold).	  	  List	  of	  eIF4a	  aptamer	  sequences	  used	  for	  mutagensis	  of	  aptamer	  sequences	  in	  the	  RNA	  probe	  analysis	  (section	  5.2.4).	  
 
1.    GGGGACCGCG CCCCACATGT GAGTGAGGCC GAAACGTAGA TTCGACAGGA GGCTCACAA    wild (59) 
 
2.    GGGGACCGCG CCCCACATGA GAGTGAGGCC GAAACGTAGA TTCGACAGGA GGCTCACAA   M7 (U20A) 
 
3.    GGGGACCGCG CCCCACATGT AAGTGAGGCC GAAACGTAGA TTCGACAGGA GGCTCACAA   M12 (G21A) 
 
4. GGGGACCGCG CCCCACATGT GAGTGAGGCC GAAACGTAGA TTCGACAGGG GGCTACACAA (A50G,ins55A)  	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Table	  2.4	  Sequences	  of	  the	  mRNA	  target	  sites.	  (Split	  site	  is	  indicated	  by	  the	  
underscore	  mark.)	  	  Table	  of	  target	  mRNAs	  and	  description	  of	  target	  sequences	  listed	  in	  column	  one.	  	  Gene	  names	  are	  indicated	  in	  the	  first	  column	  followed	  by	  the	  specific	  nucleotide	  target	  sequence	  for	  hydrogen	  bonding	  of	  RNA	  probes	  in	  column	  two.	  	  Lengths	  of	  target	  sequences	  are	  listed	  in	  column	  three	  with	  the	  postion	  of	  the	  sequence	  within	  the	  mRNA	  target	  enclosed	  in	  parenthesis.	  	   	  
       Gene	   	  Sequences of the mRNA target sites (5’-3’)	   Length and position in 	  
mRNA	  
Rabit β-globin	  
mRNA	    CCAGTGAGGA_GAAGTCTGCGG  22 nt	  	  
CsrA mRNA	    ATCCAGGCTGAAAAA	  TCCCAGCAGTCCAGT    	   	  30 nt (150-180)	  	  
Hfq mRNA	   	  AATCGAAAGGTTCAA _AGTACAAATAAGCAT	  	  	  	   	  30 nt (1-30)	  
 
PstC mRNA	    ATGGCTGCAACCAAG_CCTGCTTTTAACCCA       	  	  30 nt (1-30)	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Table	  2.5	  Primers	  for	  mutagenesis	  of	  the	  pPTT05	  plasmid	  to	  create	  probes	  targeting	  
specific	  bacterial	  mRNAs	  (antisense	  sequences	  shown	  in	  bold).	  	  Names	  of	  primers	  used	  to	  create	  RNA	  probes	  toward	  endogenous	  mRNAs	  pstC,	  Hfq	  and	  CsrA	  listed	  in	  column	  one.	  	  	  Sequences	  of	  each	  primer	  are	  listed	  in	  column	  two	  in	  the	  5’→	  3’	  direction.	  	  Bold	  sequence	  indicate	  antisense	  sequence	  mutated	  to	  create	  new	  probes	  towards	  endogenous	  mRNA	  targets	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Gene	   	  Primer sequence (5’-3’)	  
CsrA_dir	   ACCATCATCACCACAGCCAGGATCC ACTGGACTGCTGGGA 	  CCTTCGGGGACCGCGCCCCACATGT	  
CsrA_rev	   CAGCGGTTTCTTTACCAGACTCGAG ATCCAGGCTGAAAAA GGAAGTGTGAGCCTCCTGTCGAATC	  
Hfq_dir	   ACCATCATCACCACAGCCAGGATCC  ATGCTTATTTGTACT CCTTCGGGGACCGCGCCCCACATGT	  
Hfq_rev	   CAGCGGTTTCTTTACCAGACTCGAG AATCGAAAGGTTCAA  GGAAGTGTGAGCCTCCTGTCGAATC	  
PstC_dir	   ACCATCATCACCACAGCCAGGATCC TGGGTTAAAAGCAGG CCTTCGGGGACCGCGCCCCACATGT	  
PstC_rev	   CAGCGGTTTCTTTACCAGACTCGAG ATGGCTGCAACCAAG GGAAGTGTGAGCCTCCTGTCGAATC	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Table	  2.6	  List	  of	  the	  5’-­TAMRA	  labeled	  Stellaris	  probes	  for	  pstC	  mRNA	  used	  for	  
RNA	  FISH.	  	  Sequences	  of	  all	  38	  stellaris	  probes	  used	  to	  detect	  pstC	  mRNA	  for	  RNA	  FISH.	  	  Each	  probe	  is	  listed	  by	  number	  and	  followed	  by	  nucleotide	  sequence	  in	  the	  5'→3'	  direction.	  	  At	  the	  end	  of	  each	  oligonucleotide	  sequence	  a	  number	  indicates	  the	  position	  on	  pstC	  mRNA	  where	  the	  probe	  hybridizes.	  	  Probe	  #;	  Probe	  (5'→3');	  Probe	  Position*	  	   1. ttaaaagcaggcttggttgc	  7	  2. tatgtcgccctttttacccg	  32	  3. gttttaccagcacgctgaaa	  54	  4. atcaatagcacaatcagcgc	  79	  5. agagagacaataatgccacc	  103	  6. caaatttctgaatgctcggc	  138	  7. ctttggtccataggaaagcc	  162	  8. gtagatatcgttcggtgcat	  188	  9. tcaccaacgtaccgtagatc	  222	  10. gatcagcagcgcgataaacg	  245	  11. gataccgaaactcaccggga	  269	  12. caagctcagtcaggaacagg	  291	  13. cgggcgtttcagccagccag	  314	  14. cagcagctcaatggcgatac	  338	  15. gccgtaaacgatacttggaa	  365	  16. gcaaagataaacaggcccca	  388	  17. gaaagtaaacggcgaacagc	  411	  18. atgatattgccgaccggctc	  433	  19. cgccaacaatcgggatattc	  456	  20. ataccgataccaaatgcggg	  490	  21. gaggatcacgcctgccgcga	  512	  22. gccgcaatgtacggaataat	  541	  23. gttcgaacacatcacgcatt	  564	  24. gactctttcatcatcaccgg	  589	  25. tggtgcagccaataccgtag	  612	  26. cgatacgccagataacttcc	  636	  27. ccatttttggtgaacggaag	  658	  28. cagcatgatgccgccgataa	  680	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29. accgccatggtttcaccgag	  715	  30. ctggtaggtgttaccgatga	  743	  31. atatacagcgaggcgctgtc	  766	  32. cagaggtgatactgttgccc	  789	  33. ttccgcaaattcgttcgcca	  812	  34. caacgtgcagaccggattcc	  843	  35. gatcaggcccagttccatca	  860	  36. acgatgaaggtaatcacaaa	  883	  37. cataaacttcgatgcggcga	  905	  38. cattcttagccaggcgcata	  927	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CHAPTER	  3	  
	  
PROOF	  OF	  CONCEPT	  EXPERIMENTS:	  DETECTION	  OF	  RABBIT	  β-­GLOBIN	  mRNA	  
IN	  LIVE	  E.	  COLI	  CELLS	  	  
3.1	  	   	  Introduction	  	   Currently,	   there	   are	   no	   methods	   to	   non-­‐invasively	   detect	   unmodified	  endogenously	  expressed	  RNAs	  in	  living	  E.	  coli	  cells.	  	  There	  are	  some	  challenges	  that	  must	   be	   overcome	   to	   create	   such	   a	   system.	   	   First,	   molecular	   probes	   must	   be	  expressed	   from	   within	   the	   cell	   negating	   an	   invasive	   delivery	   system.	   	   Secondly,	  these	  molecular	  probes	  must	  be	  able	  to	  bind	  and	  detect	  a	  target	  RNA	  sequence.	  	  The	  most	  feasible	  way	  to	  bind	  to	  an	  unmodified	  target	  RNA	  is	  through	  hydrogen	  bonding	  to	  a	  specific	   sequence.	   	  This	  presents	  another	  challenge	  because	   in	  vivo	   secondary	  and	   tertiary	   structure	   are	   difficult	   to	   determine.	   	   Additionally,	   proteins	   can	   be	  bound	  to	  RNA	  sequences	  and	   in	  vivo	  RNA	  foot-­‐printing	  experiments	  are	  extremely	  challenging	  to	  conduct.	  	  	  	   The	   principle	   of	   the	   suggested	   RNA	   labeling	  method	   consists	   of	   sequence-­‐specific	   binding	   of	   two	   RNA	   probes	   complementary	   to	   two	   adjacent	   sites	   on	   an	  unmodified	  RNA	   target.	   Each	  RNA	  probe	   is	  made	   of	   two	  modules	   connected	   by	   a	  short	   flexible	   linker:	   one	  module	   is	   a	   sequence	   complementary	   to	   the	   target;	   the	  second	   is	  a	   fragment	  of	   the	  split	  aptamer.	   	  When	  target	  RNA	  is	  present	   in	   the	  cell,	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the	   head-­‐to-­‐tail	   binding	   of	   the	   two	   RNA	   probes	   to	   the	   target	   brings	   the	   two	  fragments	   of	   the	   split	   aptamer	   into	   close	   proximity,	   triggering	   re-­‐assembly.	   The	  reassembled	  aptamer	  then	  initiates	  the	  association	  of	  two	  split	  fusion	  proteins,	  each	  containing	  a	  fragment	  of	  a	  split	  fluorescent	  protein	  (SFP)	  and	  a	  fragment	  of	  an	  RNA-­‐binding	  protein.	  	  The	  aptamer	  binds	  two	  split	  fragments	  of	  the	  RNA-­‐binding	  protein	  with	   high	   affinity.	   As	   a	   result,	   the	   two	   non-­‐fluorescent	   SFP	   fragments	   also	   re-­‐associate	  into	  a	  complete	  SFP	  and	  become	  fluorescent	  (Fig.	  1.2).	  Thus,	  the	  cell	  must	  be	   programmed	   to	   express	   two	   RNA	   probes	   and	   two	   fusion	   proteins.	   In	   all	  experiments	  we	  used	  the	  RNA-­‐binding	  protein	  eIF4A	  and	  a	  corresponding	  aptamer,	  which	  binds	  the	  protein	  with	  high	  affinity	  (Oguro	  et	  al.,	  2003).	  It	  is	  the	  same	  system	  used	  in	  the	  protein	  complementation-­‐based	  method	  to	  detect	  aptamer-­‐tagged	  RNA	  (Valencia-­‐Burton	  &	  Broude,	  2007;	  Valencia-­‐Burton,	  et	  al.,	  2007).	  	  	   To	  test	  the	  feasibility	  of	  this	  scheme	  we	  targeted	  a	  22	  nt-­‐long	  site	  in	  rabbit	  β-­‐globin	  mRNA	  that	  has	  been	  shown	  to	  be	  accessible	  to	  oligonucleotide	  hybridization	  (Allawi	  et	  al.,	  2001).	  We	  designed	  two	  RNA	  probes	  each	  containing	  11-­‐nt	  sequences	  complementary	  to	  the	  β-­‐globin	  mRNA,	  a	  five	  nt	  linker	  and	  a	  sequence	  corresponding	  to	  one	   fragment	  of	   the	   split	   eIF4A	  aptamer	   (Oguro	  et	  al.,	  2003).	  	  The	  aptamer	  was	  split	  at	  the	  single-­‐stranded	  loop	  at	  the	  position	  C35/G36	  (Fig.	  3.1).	  This	  split	  site	  is	  the	   least	   likely	   to	   distort	   the	   structure	   of	   the	   re-­‐assembled	   aptamer	   according	   to	  available	   data	   showing	   that	   mutations	   in	   this	   loop	   have	   a	   minimal	   effect	   on	   the	  binding	  affinity	  of	  the	  eIF4A	  protein.	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   To	  determine	   formation	  of	   sequence-­‐specific	   fluorecscent	  RNP	  on	   target	  β-­‐globin	   mRNA	   cells	   were	   analyzed	   for	   fluorescence	   intensity	   by	   fluorescence	  activated	   cell	   sorting	   (FACS)	   and	   analyzed	   by	   fluorescent	   microscopy.	   	   The	  hypothesis	  in	  this	  proof-­‐of-­‐principle	  experiment	  was	  that	  at	  equal	  optical	  densities	  cells	   expressing	   SFP	   with	   RNA	   probes	   and	   β-­‐globin	   RNA	   target	   would	   be	   more	  fluorescent	   than	   cells	   expressing	   SFP	   with	   RNA	   probes	   and	   RNA	   target	   with	  corrupted	   binding	   site.	   	   The	   results	   of	   these	   experiments	   supported	   the	   proof-­‐of-­‐principle	  hypothesis.	  	  	  	  
3.2	  	   Results	  
3.2.1	  	   Sequence-­specific	  Detection	  of	  mRNA	  in	  Live	  Cells	  
E.	   coli	   BL21(DE3)	   cells	   expressing	   SFP	   and	   RNA	   probes	  were	   transformed	  	  with	  a	  third	  plasmid	  encoding	  a	  198	  nt	  fragment	  of	  the	  β-­‐globin	  mRNA	  with	  the	  22	  nt-­‐long	  target	  site	  (Fig.	  3.1).	  	  Fluorescence	  of	  the	  cells	  was	  analyzed	  after	  induction	  of	   all	   components	   of	   the	   RNP	   complex	  with	   1	  mM	   IPTG	   and	   overnight	   growth	   at	  230C	   using	   FACS	   and	   fluorescent	   microscopy	   (Fig.	   3.2).	   	   The	   width	   of	   the	   FACS	  fluorescence	  curves	  are	   likely	  due	  to	  cell	  cycle	  dependent	  expression	  of	  all	  system	  components	   and	   therefore	   mean	   curve	   values	   were	   used	   to	   determine	   average	  fluorescence	  for	  each	  cell	  line.	  	  The	  FACS	  and	  microscopy	  data	  showed	  that	  the	  cells	  expressing	  all	  components	  of	  the	  RNP	  complex	  (SFP,	  RNA	  probes	  and	  the	  fragment	  of	   the	  β-­‐globin	  mRNA)	  displayed	   fluorescence	  that	  was	  about	  4-­‐5	   fold	  higher	   than	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the	  cells	  that	  lacked	  the	  RNA	  target.	  	  Microscope	  images	  were	  counted	  and	  analyzed	  using	   ImageJ	   software	   and	   showed	   that	   17-­‐20%	   of	   cells	   displayed	   fluorescence	  above	   background	   (Fig.	   3.2).	   	   Using	   an	   identical	   target	   RNA	   with	   a	   scrambled	  binding	  site	  we	  observed	  fluorescence	  close	  to	  the	  background	  level	  (Fig.	  3.2),	  which,	  implied	   that	   the	   complex	   was	   assembled	   sequence-­‐specifically.	   	   Similar	   positive	  results	   were	   obtained	   using	   a	   full-­‐size	   β-­‐globin	   mRNA,	   although	   signal-­‐to-­‐background	  was	  half	  that	  of	  the	  mRNA	  fragment	  (Fig.	  3.3).	  	  	  
3.2.2	  	   Estimation	   of	   Component	   Concentrations	   in	   the	   RNP	   Complex	   using	  
qPCR	  	   Concentrations	  of	  each	  RNA	  component	  of	  the	  system	  were	  quantified	  using	  qPCR.	   	  Total	  RNA	  was	  isolated	  from	  cells	  that	  expressed	  all	  components	  (SFP	  with	  RNA	   probes	   and	   target	   RNA)	   and	   negative	   controls	   (SFP	  with	   RNA	   probes	   in	   the	  absense	  of	   target	  RNA	  and	   in	   the	  presence	  scrambled	   target	  RNA).	   	  qPCR	  analysis	  was	   	   performed	   on	   RNA	   samples	   with	   16S	   rRNA	   as	   a	   reference	   gene.	   	   The	  concentrations	  of	  RNA	  probes	  were	  similar	  in	  all	  three	  samples	  and	  estimated	  to	  be	  five-­‐fold	   lower	   than	   16S	   rRNA.	   	   The	   concentrations	   of	  β-­‐globin	   targets	  were	   also	  equal	  between	  samples	  and	  estimated	  to	  be	  675-­‐fold	  lower	  than	  16S	  rRNA	  (Fig.	  3.4).	  	  
E.	  coli	  cells	  contain	  approximately	  50,000	  ribosomes	  at	  any	  given	  time	  (Bakshi	  et	  al.,	  2012)	   and,	   assuming	   that	   there	   is	   one	   copy	   of	   16S	   rRNA	  per	   ribosome,	   there	   are	  50,000	   molecules	   of	   16S	   rRNA	   per	   E.	   coli	   cell.	   	   Using	   these	   estimates	   and	   qPCR	  results	  each	  cell’s	  measured	  RNA	  probes	  and	  β-­‐globin	  RNA	  target	  are	  expressed	  at	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approximately	  10,000	  and	  75	  molecule/cell,	  respectively.	  	  Levels	  of	  SFP	  expression	  were	   analyzed	   by	   gel	   electrophoresis	   and	   Coomassie	   staining	   (Fig	   3.5)	   revealing	  roughly	  5000	  molecules/cell	  of	  each	  split	  fusion	  protein.	  	  
3.2.3	  	   Analysis	   of	   background	   fluorescence	   in	   cells	   expressing	   SFP	   and	   RNA	  
probes	  	  Cells	   were	   grown	   at	   low	   temperature	   (23°C)	   because	   previous	   studies	  showed	  better	  folding	  of	  the	  fusion	  proteins	  at	  lower	  temperatures	  (Yiu	  et	  al.,	  2011)	  (Fig.	  3.6).	  	  Interestingly,	  cells	  expressing	  SFP	  in	  combination	  with	  RNA	  probes	  alone	  showed	  background	  fluorescence	  that	  was	  five	  fold	  lower	  than	  cells	  expressing	  SFP	  alone	  when	  grown	  at	  23°C	  (Fig.	  3.7).	  	  	  Additionally,	  cells	  expressing	  SFP	  with	  either	  RNA	   probe	   1	   alone,	   RNA	   probe	   2	   alone	   or	   empty	   vector	   had	   higher	   fluorescence	  than	  cells	  expressing	  SFP	  alone.	  	  	  	  	  
3.2.4	  	   Effect	  of	  RNP	  Complex	  Formation	  on	  Cellular	  Viability	  	  	   To	   determine	   the	   effect	   of	   the	   RNP	   complex	   on	   cell	   viability,	   growth	   rates	  were	   measured	   on	   cells	   induced	   to	   express	   all	   components	   of	   the	   RNP	   complex,	  fusion	  proteins	  with	  RNA	  probes	  and	  RNA	  probes	  alone.	  Negative	  contol	  cells	  were	  transformed	   with	   the	   corresponding	   plasmids	   but	   transcription	   was	   not	   induced	  with	  IPTG	  (Fig	  3.8).	  	  It	  was	  found	  that	  there	  were	  no	  differences	  in	  growth	  between	  non-­‐induced	  and	  induced	  cells	  expressing	  all	  components	  of	   the	  RNP	  complex	  and	  expressing	   fusion	   proteins	   with	   RNA	   probes	   (Fig	   3.8B).	   	   However,	   there	   was	   a	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statistically	   significant	   decrease	   in	   cell	   viability	   when	   RNA	   probes	   alone	   were	  expressed	  in	  cells	  (Fig	  3.8A).	  
	  
3.3	  	   Discussion	  	   Our	   experiments	   demonstrated	   that	   the	   proposed	  method	   for	   detection	   of	  unmodified	  RNA	  is	  capable	  of	  detecting	  plasmid	  expressed	  RNA	  in	  live	  E.	  coli	  cells.	  	  FACS	   analysis	   and	   fluorescent	  microscopy	   were	   used	   to	   detect	   fluorescent	   signal	  that	   was	   sequence-­‐specific	   for	   a	   198	   bp	   fragment	   of	   β-­‐globin	   mRNA.	   	   Similar	  positive	  results	  were	  obtained	  using	  a	   full-­‐size	  β-­‐globin	  mRNA,	  although	  signal-­‐to-­‐background	  was	   approximately	   half	   that	   of	   the	  mRNA	   fragment	   (Fig.	   3.3).	   	   	   This	  sequence	   specific-­‐signal	  was	   shown	   to	  be	   a	   result	   of	  RNA	  detection	   and	   since	   the	  probe	   targeting	   the	   negative	   strand	   did	   not	   produce	   a	   signal	   above	   background.	  	  Analysis	   of	   RNA	   components	   showed	   that	   concentrations	   of	   RNA	   probes	  were	   in	  excess	   of	   β-­‐globin	   RNA	   target	   by	   approximately	   10,000	   to	   75	   molecules/cell.	  Additionally,	  RNA	  probes	  were	  expressed	  in	  excess	  of	  split	  fusion	  proteins	  by	  a	  ratio	  of	  2:1	  molecules/cell,	  that	  probably	  favored	  the	  relatively	  low	  signal-­‐to-­‐background.	  	  	  	   To	   analyze	   the	   effect	   of	   the	   RNP	   complex	   formation	   on	   cell	   viability,	   we	  measured	  the	  growth	  rate	  of	  cells	  expressing	  RNA	  probes	  with	  the	  split	  aptamer	  and	  cells	   expressing	   the	   entire	   RNP	   complex	  made	   of	   the	   target	   β-­‐globin	  mRNA,	   RNA	  probes	   and	   fusion	   proteins.	   	   We	   detected	   no	   changes	   in	   morphology	   or	   rate	   of	  growth	   in	   the	   cells	   expressing	   the	   entire	   complex.	   	   However,	   expression	   of	   RNA	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probes	   with	   the	   aptamer	   sequences	   in	   the	   absence	   of	   cognate	   fusion	   proteins	  substantially	  slowed	  down	  the	  growth	  of	  the	  cells	  (Fig,	  3.8).	  These	  results	  are	  in	  line	  with	  multiple	  data	  from	  other	  studies	  that	  showed	  that	  RNA	  aptamers	  serve	  as	  RNA	  decoys	  of	  the	  cognate	  proteins	  (Baskerville	  et	  al.,	  1999)	  and	  that	   it	   is	   important	  to	  balance	   the	   concentration	   of	   the	   aptamer	   and	   its	   target	   (Jain	   et	   al.,	   2000).	   In	   our	  system,	  the	  aptamer	  most	  likely	  can	  bind	  bacterial	  helicases	  that	  are	  homologous	  to	  eIF4A	  protein,	  and	  this	  likely	  affects	  cell	  growth.	  At	  the	  same	  time,	  the	  simultaneous	  expression	  of	  the	  aptamer	  and	  the	  cognate	  eIF4A	  protein	  did	  not	  affect	  cell	  growth,	  since	  most	  of	  the	  aptamers	  interact	  with	  the	  SFP	  containing	  fragments	  of	  the	  eIF4A	  protein.	   Therefore,	   the	   cell	   growth	   is	   not	   affected	   by	   SFP	   interacting	   with	  endogenous	  cellular	  components.	  	  	   The	  sequence-­‐specific	  detection	  of	  β-­‐globin	  mRNA	  falls	  in	  a	  range	  below	  the	  background	   fluorescence	   created	   by	   split	   EGFP-­‐eIF4a	   expressed	   without	   RNA	  probes.	   	  This	  high	  sensitivity	  allows	   for	   the	  detection	  of	  exogenously	  expressed	  β-­‐globin	   mRNA	   and	   is	   equivalent	   to	   the	   expression	   levels	   	   (75	   molecules/cell).	  	  Collectively,	  these	  results	  suggest	  that:	  (i)	  the	  split	  eIF4A	  aptamer	  was	  reassembled	  into	   a	   proper	   fold;	   (ii)	   the	   reassembled	   aptamer	   was	   able	   to	   initiate	  complementation	  of	  the	  SFP;	  and	  (iii)	  the	  fluorescent	  RNP	  complex	  was	  assembled	  sequence-­‐specifically	   in	   the	   presence	   of	   the	   target	   mRNA.	   Therefore,	   these	  experiments	  validate	  the	  split	  aptamer	  approach	  for	  detection	  of	  unmodified	  RNAs	  in	  live	  bacterial	  cells	  with	  a	  high	  signal-­‐to-­‐background	  (s/b)	  ratio.	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Figure	  3.1	  Schematic	   of	   probes	   targeting	  β-­globin	  RNA.	   	  Split	  RNA	  probes	  with	  eIF4a	   aptamer	   sequence	   (dark	   blue),	   linker	   sequence	   (light	   blue)	   and	   antisense	  sequence	  (red)	  complementary	  to	  β-­‐globin	  target	  RNA	  sequence	  (black).	  	  Hydrogen	  bonding	   of	   antisense	   RNA	   probe	   sequence	   to	   target	   β-­‐globin	   sequence	   drives	  reassociation	   of	   the	   tertiary	   structure	   of	   split	   eIF4a	   aptamer	   within	   RNA	   probe	  sequence.	  	  Split	  site	  between	  RNA	  probes	  is	  indicated	  by	  the	  arrow.	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Figure	  3.2.	  	  Sequence	  specific	  detection	  of	  a	  fragment	  of	  plasmid	  expressed	  β-­
globin	   mRNA.	   	   (Top	   Left)	   Fluorescent	   FACS	   histograms	   of	   cells	   expressing	   split	  fluorescent	   proteins	   with	   RNA	   probes	   alone	   (red),	   RNA	   Probes	   with	   target	   RNA	  (green)	   and	   RNA	   probes	   with	   scrambled	   RNA	   target	   (black).	   Fluorescence	   from	  widltype	  BL21	  cells	  (gray).	  	  (Top	  Right)	  	  Bar	  graph	  of	  mean	  fluorescent	  values	  from	  histograms	   for	   cells	   expressing	   split	   fluorescent	   proteins	   with	   RNA	   probes	   alone	  (red),	  RNA	  Probes	  with	   target	  RNA	   (green)	   and	  RNA	  probes	  with	   scrambled	  RNA	  target	   (black)	   (n=3).	   (Bottom)	   	   DIC	   (top	   panels)	   and	   fluorescent	   images	   of	   cells	  (bottom	  panels).	  	  (A)	  cells	  express	  two	  fusion	  proteins	  and	  two	  RNA	  probes	  in	  RNA	  absense.	  (B)	  Cells	  express	  β-­‐globin	  mRNA,	  fusion	  proteins	  and	  two	  RNA	  probes.	  	  (C)	  Cells	  express	  β-­‐globin	  mRNA	  with	  scrambled	   target	   sequence	  plus	   fusion	  proteins	  and	  RNA	  probes.	  	  All	  images	  were	  taken	  in	  similar	  settings,	  scale	  bar	  10	  μm.	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  Figure	   3.3.	   	   Sequence	   specific	   detection	   of	   exogenous	   full-­length	   β-­globin	  
mRNA.	  (A)	  	  FACS	  histograms	  of	  cells	  expressing	  split	  fluorescent	  proteins	  with	  RNA	  probes	   alone	   (red),	   RNA	   Probes	   with	   full-­‐length	   target	   mRNA	   (blue)	   and	   RNA	  probes	   with	   full-­‐length	   scrambled	   target	   mRNA	   (black).	   	   (B)	   Bar	   graph	   of	   mean	  fluorescent	   values	   from	   histograms	   for	   cells	   expressing	   split	   fluorescent	   proteins	  with	  RNA	  probes	  alone	  (red),	  RNA	  Probes	  with	  full-­‐length	  target	  mRNA	  (blue)	  and	  RNA	  probes	  with	  full-­‐length	  scrambled	  RNA	  target	  mRNA	  (black)	  (n=3).	  	  	  A	   	   	   	   	   	   	  	  	  	  	  	  	   	  	  	  	  B	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Figure	   3.4.	   	   qPCR	   quantification	   of	   RNA	   components	   of	   the	   RNP	   complexes.	  	  RNA	  was	  isolated	  from	  cells	  expressing	  split	   fluorescent	  proteins,	  RNA	  probes	  and	  target	  RNA	  and	  quantified	  by	  qPCR.	  Expression	  of	  RNA	  probes	  and	  target	  RNA	  were	  normalized	  to	  16S	  rRNA	  values.	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Figure	   3.5.	   	   Quantification	   of	   SFP.	   	   Protein	   Gel	   was	   stained	   using	   SimplyBlue	  Coomassie	   stain.	   	   Overexpressed	   proteins	   concentrations	   were	   determined	   by	  comparison	  the	  intensities	  of	  the	  corresponding	  bands	  for	  A-­‐F1	  (40	  kDa)	  and	  B-­‐F2	  (30	  kDa)	  to	  the	  amount	  of	  the	  marker	  protein	  at	  that	  respective	  molecular	  weight.	  Lane	  M,	  BenchMarkTM	  protein	   ladder	   (Invitrogen),	   Lanes	  1,	   2	  &	  3,	   -­‐	   extracellular	  proteins,	  Lanes	  4,	  5	  &	  6,	   –periplasmic	  proteins;	  Lanes	  2	  &	  5	  –	  uninduced	  cells	   for	  SFP	  eppression,	  Lanes	  1,	  3,	  4	  &	  6	  cells	  induced	  with	  1	  mM	  IPTG	  for	  SFP	  expression.	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Figure	   3.6.	   	   FACS	   histogram	   showing	   effect	   of	   temperature	   on	   background	  
fluorescent	  signal	  of	  split	  fusion	  proteins.	  	  FACS	  histogram	  of	  cells	  expressing	  full	  EGFP	   (green)	   at	   20°C	   compared	   to	   cells	   expressing	   split	   EGFP	   -­‐	   eIF4a	   fusion	  proteins	   alone	   at	   20°C	   (blue),	   24°C	   (black),	   30°C	   (red)	   and	  wt	   BL21	   (DE3)	   (grey)	  Figure	  adapted	  from	  (Yiu	  et	  al.,	  2011).	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Figure	  3.7.	   	  Effect	   of	   RNA	   probes	   co-­expression	  with	   split	   fusion	   proteins	   on	  
background	   fluorescence.	   	   Fluorescence	   of	  E.	   coli	   cells	   expressing	   two	   SFP	   and	  different	  RNA	  probes.	   	   The	  RNA	  probes	   expressed	   together	  with	   SFP	  displays	   the	  lowest	   background	   fluorescence.	   	   Data	   are	   given	   as	   an	   average	   of	   4	   independent	  experiments	  ±	  standard	  deviation.	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Figure	  3.8.	  	  Growth	  of	  cells	  expressing	  RNA	  probes	  alone	  and	  cells	  expressing	  
all	  components	  of	  RNP	  complex.	  	  (A)	  Cell	  growth	  curves	  in	  the	  cultures	  expressing	  RNA	   probes	   containing	   split	   aptamer	   sequences	   in	   the	   absence	   of	   SFP.	   	   (B)	   Cell	  growth	  curves	  of	  cells	  expressing	  the	  entire	  RNP	  complex	  (RNA	  probes,	  target	  RNA	  	  and	  SFP).	  	  One	  representative	  experiment	  out	  of	  three	  is	  shown.	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CHAPTER	  4	  
	  
DETECTION	  OF	  ENDOGENOUS	  CHROMOSOMALLY	  EXPRESSED	  RNAS	  	  
IN	  LIVE	  CELLS	  	  
4.1	  	   Introduction	  Despite	   strong	   evidence	   supporting	   the	   sequence-­‐specific	   detection	   of	   an	  unmodified	   plasmid-­‐expressed	   RNA	   using	   the	   new	   detection	   system	   there	   are	  several	   challenges	   that	   must	   be	   overcome	   to	   detect	   chromosomally	   expressed	  bacterial	   RNAs	   in	   living	   cells.	   	   First,	   in	   proof-­‐of-­‐principle	   experiments	   we	   used	   a	  	  binding	  site	   that	  has	  been	  shown	  to	  be	  accessible	  (Allawi	  et	  al.,	  2001).	   	  Accessible	  binding	   in	  each	  new	  target	  site	  are	  difficult	   to	  characterize	   in	  vitro	  and	  even	  more	  difficult	   to	  do	   in	  vivo	  because	  RNA	   foot-­‐printing	  analysis	  must	  be	  performed.	   	  The	  only	  published	  work	  describing	  a	  method	  for	  in	  vivo	  RNA	  foot-­‐printing	  (Adilakshmi	  et	  al.,	  2006)	  requires	  the	  use	  of	  a	  synchrotron	  which	  is	  difficult	  to	  access.	  	  The	  most	  feasible	  way	  to	  predict	  accessibility	  for	  RNA	  probe	  is	  to	  use	  the	  MFOLD	  secondary	  structure	  prediction	  algorithm	  (Zuker,	  1989).	  	  	  In	  general,	  the	  5’	  and	  3’	  ends	  of	  RNA	  tend	   to	   be	   accessible	   to	   hybridization	   from	   a	   secondary	   structure	   standpoint,	   but	  this	   does	   not	   exclude	   the	   possibility	   that	   these	   sequences	   are	   not	   already	   bound	  with	  RNA	  binding	  proteins	  (Papenfort	  et	  al.,	  2010).	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A	  second	  challenge	  in	  detecting	  endogenous	  RNA	  is	  that	  the	  negative	  controls	  are	  not	  always	  available.	  	  Negative	  controls	  should	  include	  cells	  that	  are	  missing	  the	  target	  RNA,	  have	  an	  RNA	  target	  with	  a	  scrambled	  target	  site	  or	  missing	  the	  binding	  site.	  	  To	  this	  goal	  endogenous	  targets	  must	  be	  mutated	  or	  deleted	  at	  the	  endogenous	  locus,	  a	  process	  that	  is	  extremely	  labor	  intensive.	  	  However,	  negative	  controls	  can	  be	  created	  in	  different	  ways.	   	  Target	  RNAs	  were	  chosen	  with	  ascending	  copy	  number,	  the	   rational	   being	   that	   if	  mRNAs	  were	   successfully	   targeted	   then	   there	   should	   be	  increasing	   fluorescent	   signal	   with	   increasing	   copy	   number	   of	   each	   mRNA	   target.	  	  	  Target	  accessibility	  was	  determined	  by	  MFOLD,	  and	  probes	  were	  designed	  to	  target	  these	  endogenous	  mRNAs.	  	  	  	  Another	   approach	   is	   to	   chose	   a	   target	   that	   can	   be	   induced	   by	   a	   specific	  treatment.	   	   Then	   comparing	   fluorescent	   signals	   between	   cells	  with	   different	   RNA	  concentrations	   gives	   additional	   evidence	  of	   sequence-­‐specific	  RNA	  detection.	   	   The	  mRNAs	  chosen	  were	  pstC,	  a	  low	  expression	  stress	  response	  gene,	  Hfq,	  an	  abundant	  gene	   encoding	   an	   RNA-­‐binding	   protein,	   and	   CsrA,	   an	   even	   more	   abundantly	  expressed	  carbon	  fixation	  gene.	  The	  number	  of	  molecules	  per	  cell	  were	  shown	  to	  be	  expressed	  at	  increasing	  levels	  for	  pstC,	  Hfq	  and	  CsrA	  mRNAs,	  respectively	  (Taniguchi	  et	   al.,	   2010).	   Additionally,	   pstC	   is	   an	   inducible	   phosphate	   stress	   gene,	   1	  molecule/cell	   (Taniguchi	   et	   al.,	   2010)	   under	   normal	   growth	   conditions,	   but	   is	  upregulated	  when	   cells	   are	   grown	   in	   phosphate-­‐depleted	   conditions	   (Spira	   et	   al.,	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2010).	  	  Cells	  with	  targeted	  pstC	  should	  have	  an	  increase	  in	  fluorescent	  signal	  when	  grown	  in	  phosphate-­‐depleted	  media	  compared	  to	  cells	  grown	  in	  normal	  media.	  	  	  	  
4.2	  	   Results	  
4.2.1	  	   Fluorescent	  Detection	  of	  pstC,	  Hfq	  and	  CsrA	  mRNA	  To	   detect	   unmodified	   endogenously	   expressed	  mRNA	   in	   E.	   coli,	   cells	   were	  transformed	  with	   plasmids	   expressing	   SFP	   and	   a	   plasmid	   expressing	  RNA	  probes	  for	   targeting	   either	   pstC,	   Hfq	   or	   CsrA	   mRNA.	   	   All	   cell	   lines	   were	   grown	   under	  identical	   conditions	   with	   the	   control	   cells	   expressing	   fusion	   proteins	   and	   RNA	  probes	  targeting	  β-­‐globin	  mRNA	  as	  a	  negative	  control.	  	  FACS	  results	  and	  fluorescent	  microscopy	  data	   demonstrated	  no	   increase	   in	   fluorescence	   for	   cells	  with	   targeted	  
pstC	  or	  Hfq	  mRNA	  compared	  to	  cells	  targeting	  β-­‐globin	  mRNA.	  	  However,	  there	  was	  a	  slight	  increase	  in	  fluorescence	  in	  cells	  with	  targeted	  CsrA	  over	  β-­‐globin	  mRNA	  (Fig.	  4.1).	   	   Fluorescent	   microscopy	   images	   did	   not	   reveal	   any	   distinct	   localization	  patterns	   for	   cells	   with	   targeted	   either	  Hfq	   or	   CsrA	   (Fig.	   4.2).	   	   However,	   punctate	  localization	  patterns	  were	  revealed	  in	  cells	  targeting	  pstC.	  	  	  	  
4.2.2	  	   Attempt	   to	   Find	   a	   Correlation	   Between	   RNA	   Concentration	   and	  
Fluorescent	  Signal	  RNA	   samples	   were	   collected	   for	   qPCR	   analysis	   to	   determine	   relative	  concentrations	   of	   pstC,	   Hfq	   and	   CsrA	   mRNA	   compared	   to	   16S	   rRNA	   (Fig	   4.3).	  	  Relative	  concentrations	  of	  pstC,	  Hfq	  and	  CsrA	  mRNA	  were	  106,400,	  10,800	  and	  4,700	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fold	   less	  than	  16S	  rRNA,	  respectively.	   	  Again,	  operating	  under	  the	  assumption	  that	  there	   is	  one	  copy	  of	  16S	  rRNA	  per	   ribosome	  and	   that	   there	  are	  50,000	  ribosomes	  per	  living	  E.	  coli	  cell	  (Bakshi	  et	  al.,	  2012),	  the	  number	  of	  molecules	  per	  cell	  of	  pstC,	  
Hfq	  and	  CsrA	  mRNA	  were	  calculated	  to	  be	  0.46,	  4.6	  and	  10.6,	  respectively,	  and	  these	  estimates	  are	  supported	  by	  previous	  findings	  (Taniguchi	  et	  al.,	  2010).	   	  Fluorescent	  intensities	  of	  the	  cells	  with	  targeted	  pstC,	  Hfq	  and	  CsrA	  mRNA	  do	  not	  correlate	  with	  the	  number	  of	  molecules	  per	  cell	  calculated	  by	  qPCR	  for	  except	  for	  pstC	  which	  had	  no	  difference	  in	  fluorescence	  compared	  to	  cells	  targeting	  β-­‐globin	  mRNA.	  	  	  	  
4.2.3	  	   Induction	  and	  Localization	  of	  Endogenous	  pstC	  mRNA	  under	  High	  and	  
Low	  Phosphate	  Growth	  Conditions	  	   pstC	  mRNA	  is	  expressed	  under	  phosphate	  depleted	  conditions	  as	  part	  of	  the	  pstSCAB-­‐phoU	   operon.	   	   Genes	   expressed	   from	   this	   operon	   encode	   for	   integral	  membrane	  proteins	   that	  are	   involved	   in	  phophate	   transport.	   	  Cells	  expressing	  SFP	  and	  RNA	  probes	  toward	  pstC	  mRNA	  grown	  in	  LB	  media	  did	  not	  exhibit	  any	  increase	  in	   fluorescent	   intensity	   compared	   to	   negative	   control	   cells	   (Fig.	   4.1).	   	   However,	  fluorescent	  microscopy	  did	  reveal	   localization	  of	  small	   focal	  points	   in	  approximate	  10%	  of	  cells	  that	  did	  not	  overlap	  with	  chromosomal	  DNA	  (Fig.	  4.4,	  4.5,	  4.9).	  	  Single	  or	  multiple	   punctate	   fluorescent	   signals	   on	   a	   uniform	  background	  were	   visible	   in	  the	  cells	  (Fig.	  4.4).	  When	  the	  cells	  were	  grown	  in	  the	  low	  phosphate	  media,	  the	  same	  amount	  of	  cells	  (10%)	  revealed	  fluorescence,	  but	  the	  average	  fluorescence	  of	  single	  cells	   was	   five	   fold	   higher	   than	   in	   the	   rich	   phosphate	   medium	   according	   to	   FACS	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analysis.	   Cells	   with	   targeted	   β-­‐globin	   mRNA	   and	   pstC	   mRNA	   were	   grown	   under	  identical	  conditions	  in	  both	  LB	  media	  (Pi	  conc.	  2.2	  mM)	  and	  low	  phosphate	  “Medium	  A”	   (Pi	   conc.	   0.2	  mM)	   (Spira	   et	   al.,	   2010)	   and	   fluorescence	  was	  measured	  by	  FACS	  analysis	  and	  fluorescent	  microscopy.	  	  Cells	  targeting	  β-­‐globin	  mRNA	  did	  not	  exhibit	  any	   difference	   in	   fluorescent	   intensities	   when	   grown	   under	   normal	   or	   depleted	  phosphate	   conditions.	   	   qPCR	   analysis	   of	   RNA	   isolated	   from	   cells	   grown	   in	  phosphate-­‐depleted	  media	  confirmed	  a	  five-­‐fold	  increase	  in	  pstC	  mRNA	  compared	  to	  cells	  grown	  in	  LB	  media	  (Fig	  4.7).	  	  Microscope	  images	  of	  the	  cells	  with	  labeled	  pstC	  mRNA	  grown	  in	  LB	  media	  revealed	  distinct	  localization	  patterns	  in	  about	  10%	  of	  the	  cells	  (50/531).	  	  Higher	  average	  fluorescence	  sometime	  masked	  localization	  patterns,	  but	  they	  become	  visible	  with	  lower	  exposure	  time	  (Fig.	  4.6).	   	  To	  verify	  pstC	  mRNA	  localization	  FISH	  was	  performed	  by	  master’s	   student	  Harry	  Driscoll	  of	   the	  Broude	  Lab	  on	  fixed	  BL21	  (DE3)	  cells	  using	  38	  TAMRA-­‐labeled	  probes	  (Stellaris)	  specific	  for	  this	   mRNA	   (Table	   2.6)	   (Fig.	   4.9).	   FISH	   images	   of	   the	   cells	   grown	   in	   normal	   Pi	  conditions	   did	   not	   show	   any	   signal,	   whereas	   FISH	   images	   of	   the	   cells	   grown	   in	  phosphate-­‐depleted	   conditions	   revealed	   characteristic	   punctate	   signals	   similar	   to	  the	   signals	   obtained	   in	   live	   cells;	   the	   FISH	   signal	  was	   visible	   in	   about	   25%	  of	   the	  cells.	   Images	   of	   both	   live	   and	   fixed	   cells	   showed	   that	   pstC	  mRNA	   localized	   to	   the	  sites	   that	   did	   not	   overlap	   with	   the	   bulk	   nucleoid	   DNA	   labeled	   with	   the	  Hoechst33342	  dye	  (Fig.4.4).	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4.3	  	   Discussion	  	   Experiments	  aimed	  to	  fluorescently	  detect	  and	  localize	  endogenous	  bacterial	  mRNAs	   in	   live	   cells	   yielded	   two	   major	   results.	  	   First,	   pstC	   mRNA,	   an	   mRNA	  expressed	   at	   the	   level	   of	   one	   molecule	   per	   cell,	   was	   successfully	   detected	   and	  localized	   in	   live	   bacterial	   cells.	   	   This	   finding	   provides	   further	   evidence	   that	   the	  developed	   method	   is	   capable	   of	   detecting	   endogenous	   unmodified	   mRNAs	  expressed	  at	  low	  copy	  number.	  	  	  	  	   Secondly,	  experiments	  attempting	  to	  reveal	  a	  correlation	  between	  fluorescent	  intensity	   and	   ascending	   copy	   number	   of	   three	   endogenous	  mRNAs,	  pstC,	  Hfq	  and	  CsrA,	  were	  unsuccessful.	  	  This	  result	  is	  not	  surprising	  since	  the	  efficiency	   of	   different	   probes	  depends	  not	   only	   on	  RNA	   concentration	  but	   also	   on	  accessibility	   of	   the	   target	   sites.	   Therefore,	   it	   is	   difficult	   to	   expect	   the	   correlation	  between	  the	  mRNA	  concentration	  and	  fluorescent	  signal.	  However,	   the	   increase	  of	  the	  fluorescent	  signal	  upon	  pstC	  mRNA	  induction	  implies	  that	  with	  the	  same	  probes	  this	   method	   can	   resolve	   increases	   of	   RNA	   concentration	   if	   an	   equally	   optimal	  accessible	  target	  binding	  site	  is	  chosen	  for	  all	  mRNA	  targets.	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Figure	  4.1.	  	  Average	  fluorescence	  intensites	  of	  cells	  with	  targeted	  endogenous	  
mRNAs.	  	  Bar	  graph	  showing	  mean	  values	  of	  fluorescence	  obtained	  by	  FACS	  analysis	  in	   cells	   expressing	   SFP	   and	   RNA	   probes	   toward	   β-­‐globin	  mRNA,	   pstC	   mRNA,	   Hfq	  mRNA	  and	  CsrA	  mRNA	  (n=3).	  Error	  bars	  indicate	  standard	  deviation.	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Figure	  4.2.	   	   	   Images	   of	   live	   cells	   expressing	   SFP	   and	   probes	   toward	   	  Hfq	   and	  
CsrA	  mRNAs.	  	  (A)	  DIC	  images.	  (B)	  FITC	  images.	  (1	  &	  2)	  	  Two	  representative	  fields	  of	  live	   cells	   expressing	   SFP	   and	   RNA	   probes	   targeting	   Hfq	   mRNA.	   	   (3	   &	   4)	   	   Two	  representative	   fields	   of	   live	   cells	   expressing	   SFP	   and	   RNA	   probes	   targeting	   CsrA	  mRNA.	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Figure	   4.3.	   qPCR	   quantification	   of	   endogenous	  mRNA	   targets.	   	   	   Concentration	  values	  of	  pstC,	  Hfq	  and	  CsrA	  mRNAs	  relative	  to	  the	  reference	  gene	  16S	  rRNA	  in	  BL21	  (DE3)	  E.	  coli	  cells.	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Figure	  4.4.	   	   Imaging	   of	  pstC	  mRNA	   in	   live	  E.	  coli	   cells.	   	   Live	  cell	   images	  of	   cells	  expressing	  split	   fusion	  proteins	  and	  probes	   toward	  pstC	  mRNA.	   	  Composite	  of	   live	  cell	  images	  of	  cells	  expressing	  split	  fusion	  proteins	  and	  probes	  toward	  pstC	  mRNA	  in	  DIC,	  FITC	  (RNA),	  DAPI	  (DNA)	  and	  overlay	  of	  FITC	  and	  DAPI	  channels.	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Figure	  4.5.	   	  Fluorescent	  detection	  of	  pstC	  mRNA	   in	  cells	  grown	   in	  normal	  and	  
low	  phosphate	  media.	   	  Bar	  graph	  showing	  mean	  values	  of	   fluorescence	  obtained	  by	   FACS	   analysis	   from	   cells	   expressing	   SFP	  with	  RNA	  probes	   towards	   β-­‐globin	   in	  normal	   and	   low	   phosphate	   media	   compared	   to	   cells	   expressing	   SFP	   and	   probes	  toward	  pstC	  mRNA	  in	  normal	  and	  low	  phosphate	  media	  (n=3).	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Figure	  4.6.	  	  Microscopy	  images	  of	  live	  cells	  wih	  targeted	  pstC	  mRNA	  at	  high	  and	  
low	   exposure	   times.	   	   (Row	   A)	   DIC	   images.	   	   (Row	   B)	   Fluorescence	   at	   200	   ms	  exposure.	  	  (Row	  C)	  	  Fluorescence	  	  at	  800	  ms	  exposure.	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Figure	  4.7.	  qPCR	  analysis	  of	   	  relative	   levels	  of	  pstC	  mRNA	  expression	   in	  BL21	  
cells	   grown	   in	   normal	   and	   low	   phosphate	   media.	   	   Expression	   levels	   were	  normalized	  relative	  to	  16S	  rRNA	  levels.	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Figure	  4.8.	  Fluorescent	   expression	   profile	   of	  pstC	  mRNA	   in	   cells	   grown	   in	   LB	  
and	   low	   phosphate	   media.	   	   (A)	   FACS	   histogram	   of	   cells	   expressing	   split	   fusion	  proteins	  and	  probes	  toward	  pstC	  mRNA	  grown	  in	  LB	  (blue)	  and	  low	  phosphate	  (red)	  compared	  to	  wt	  BL21	  (DE3)	  cells.	  	  (B)	  	  Bar	  graph	  showing	  mean	  values	  of	  absolute	  fluorescence	   obtained	   by	   FACS	   of	   cells	   expressing	   split	   fusion	   proteins	  with	   RNA	  probes	   towards	   pstC	   mRNA	   grown	   in	   LB	   (blue)	   and	   low	   phosphate	   media	   (red)	  (n=3).	   (C)	   	   Analysis	   of	   single	   cell	   fluorescence	   from	   cells	   expressing	   split	   fusion	  proteins	  and	  probes	   toward	  β-­‐globin	   (negative	  contro),	   towards	  pstC	  mRNA	   in	  LB	  and	  pstC	  mRNA	   in	   low	  phosphate	  media.	   	   (D)	  DIC	   and	   fluorescent	   images	   of	   cells	  expressing	   split	   fusion	   proteins	   and	   probes	   towards	   pstC	   mRNA	   in	   LB	   and	   low	  phosphate.	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Figure	  4.9.	  	  FISH	  analysis	  of	  pstC	  mRNA	  in	  cells	  grown	  in	  LB	  and	  low	  phosphate	  
media.	   	  DIC	  and	  fluorescent	  images	  of	  BL21	  (DE3)	  cells	  using	  FISH	  probes	  toward	  
pstC	  mRNA	  grown	  in	  low	  phosphate	  media	  (row	  A)	  and	  LB	  (row	  B).	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CHAPTER	  	  5	  
	  
MECHANISM	  OF	  FLUORESCENT	  RNP	  COMPLEX	  FORMATION	  	  	  
5.1	  	   Introduction	  	   Expression	  of	  SFP	  in	  cells	  results	  in	  some	  high	  fluorescent	  background.	  This	  is	  most	  likely	  due	  to	  exposed	  hydrophobic	  cores	  being	  exposed	  in	  the	  cytoplasm	  at	  high	   concentrations	   driving	   the	   spurious	   re-­‐association	   of	   these	   hydrophobic	  regions.	   	   In	   our	   experiments	  we	   found	   that	  when	  SFP	  are	   co-­‐expressed	  with	  RNA	  probes	   containing	   split	   eIF4a	   aptamer	   sequences	   the	   background	   fluorescence	   is	  decreased	  by	  five-­‐fold	  compared	  to	  negative	  controls	  (Fig.	  3.6).	  	  It	  was	  realized	  that	  the	  RNA	  probes	  were	  not	  expressed	  as	  two	  separate	  transcripts,	  but	  rather	  as	  two	  split	  RNA	  probes	  within	  a	  single	  readthrough	  transcript.	   	  It	  was	  suggested	  that	  the	  intergenic	  region	  between	  both	  RNA	  probes	  is	  a	  key	  to	  the	  reduction	  in	  fluorescent	  background	  signal.	   	  This	  chapter	  describes	  experiments	  to	  test	  the	  hypothesis	  that	  RNA	  probes	  reduce	  background	  fluorescence	  and	  proposes	  a	  molecular	  mechanism	  to	  account	  for	  the	  reduction	  in	  background	  fluorescence.	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5.2	  	   Results	  
5.2.1	  	   Two	  Probes	  Expressed	  within	  a	  Single	  Transcript	  	   The	  expression	  vector	  that	  the	  RNA	  probes	  are	  transcribed	  from,	  pETDuet-­‐1,	  was	  designed	  for	  dual	  protein	  expression	  and	  not	  dual	  RNA	  transcription.	  	  For	  this	  reason	  there	  are	  two	  promoters	  in	  front	  of	  each	  multiple	  cloning	  site	  (MCS)	  where	  RNA	  probes	  were	  cloned	  and	  one	   terminator	  sequence	  downstream	  of	   the	  second	  MCS.	   	   Since	   pETDuet-­‐1	   was	   designed	   for	   dual	   protein	   expression	   a	   single	   RNA	  transcript	  will	   still	  yield	   two	   independent	  proteins	  because	   the	  RNA	  sequence	  has	  two	  stop	  codons	  corresponding	  to	  two	  proteins.	  	  As	  a	  result,	  the	  sequences	  of	  RNA	  probes	  are	  separated	  by	  the	   intervening	  sequence	  but	  are	  expressed	  from	  a	  single	  550	  bp	  RNA	  transcript.	  	  Additionally,	  a	  second	  transcript	  expressed	  from	  the	  second	  T7	  promoter	  contains	  only	   the	  second	  RNA	  probe	  within	  a	  300	  bp	  RNA	  transcript	  (Fig.	  5.1).	  	  The	  presence	  of	  two	  transcripts,	  550	  and	  300	  nt	  long	  has	  been	  confirmed	  by	  Northern	  blot	  analysis.	  	  
5.2.2	  	   Expression	  of	  RNA	  Probes	  as	  Two	  Separate	  Transcripts	  by	  Introducing	  a	  
T7	  Terminator	  between	  RNA	  Two	  MCSs	  	   To	   physically	   separate	   two	   RNA	   probes	   we	   introduced	   a	   second	   T7	  terminator	  between	  the	  two	  MCSs	  (Fig	  5.2).	  	  Northern	  blot	  analysis	  was	  performed	  on	   RNA	   isolated	   from	   the	   cells	   expressing	   RNA	   probes	   as	   both	   a	   single	   and	   two	  separate	  transcripts.	  	  Cells	  that	  expressed	  RNA	  probes	  with	  a	  second	  T7	  terminator	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had	  a	  50%	  decrease	  in	  the	  550	  bp	  single	  transcript	  expression	  and	  roughly	  a	  25%	  increase	  in	  both	  the	  250	  bp	  and	  300	  bp	  transcript	  (Fig.	  5.3).	  	  	  	  	   Background	  signal	  increased	  two-­‐fold	  in	  cells	  expressing	  RNA	  probes	  as	  two	  transcripts	  with	  SFP	  compared	  to	  cells	  expressing	  RNA	  probes	  as	  a	  single	  transcript	  with	   SFP	   (Fig.	   5.4).	   	   This	   two-­‐fold	   increase	   in	   background	   fluorescence	   correlates	  with	  the	  50%	  decrease	  in	  the	  550	  bp	  single	  readthrough	  transcript	  supporting	  the	  hypothesis	   that	   the	   aptamer	   sequences	   within	   a	   single	   read-­‐through	   transcript	  interacts	  with	  the	  SFP	  	  and	  decreases	  background	  fluorescence.	  	  	  	  
5.2.3	  	   Effect	   of	   Expressing	  a	   Single	  Probe	  Containing	  Half	   of	   the	  Aptamer	  on	  
the	  Fluorescent	  Background	  	  	   The	   background	   signal	   of	   cells	   expressing	   SFP	   alone	   and	   RNA	   probes	  contained	   within	   a	   single	   transcript	   were	   compared	   to	   negative	   control	   cells	  expressing	  split	  fusion	  protein	  with	  empty	  vector,	  with	  RNA	  probe	  1	  alone	  and	  with	  RNA	   probe	   2	   alone.	   	   Interestingly,	   the	   background	   signal	   of	   cells	   expressing	   split	  fusion	  proteins	  with	   empty	  vector,	  RNA	  probe	  1	   alone	  and	  RNA	  probe	  2	   alone	  all	  exceeded	  the	  background	  fluorescence	  of	  cells	  expressing	  SFP	  alone.	  	  	  	  
5.2.4	  	   Mutagenesis	  of	  the	  Aptamer	  Sequence	  in	  RNA	  Probes	  	   The	  fact	  that	  the	  RNA	  probes	  reduce	  background	  fluorescence	  suggests	  that	  there	  is	  an	  interaction	  between	  the	  RNA	  probes	  and	  SFP.	   	  The	  interaction	  between	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the	  aptamer	  sequence,	  that	  is	  contained	  within	  each	  RNA	  probe,	  towards	  eIF4a	  was	  extensively	   characterized	   using	   point	   mutagenesis	   studies	   (Oguro	   et	   al.,	   2003).	  	  Specific	   nucleotide	   mutations	   increased	   the	   dissociation	   constant	   between	   the	  aptamer	   and	   eIF4a	   binding.	   	   These	   point	  mutants	   and	   a	   third	  mutation/insertion	  were	  cloned	  into	  the	  RNA	  probes	  to	  determine	  whether	  increasing	  the	  dissociation	  constant	  between	  the	  aptamer	  portions	  of	  the	  RNA	  probes	  and	  SFP	  would	  increase	  background	   signal.	   	   Mutants	   U20A	   and	   G21A	   exhibited	   a	   two	   -­‐	   and	   three	   -­‐	   fold	  increase	   in	   background	   signal	   respectively	   over	   normal	   RNA	   probes	   while	   the	  mutation/insertion	   mutant	   A50G/ins55A	   exhibited	   a	   four-­‐fold	   increase	   in	  background	   signal	   (Fig.	   5.5).	   	   	   When	   co-­‐expressed	   with	   SFP	   background	  fluorescence	   with	   all	   RNA	   probe	  mutants	   was	   below	   background	   fluorescence	   of	  split	   fusion	   proteins	   expressed	   alone.	   	   The	   variations	   in	   fluorescent	   background	  signal	   between	   different	   RNA	   probes	   is	   likely	   due	   to	   the	   different	   effect	   each	  mutation	  has	  on	  the	  interaction	  between	  the	  aptamer	  sequence	  and	  SFP.	  	  	  	  	  
5.3	  	   Discussion	  	  	   The	  new	  method	  for	  detecting	  endogenous	  RNAs	  in	  live	  cells	  uses	  two	  major	  tools:	  protein	  complementation	  and	  a	  split	  aptamer	  approach.	  	  Split	  aptamers	  have	  been	  used	  previously	   in	  vitro	  as	  sensors	  of	  various	   ligands	   including	  nucleic	  acids;	  specifically	   they	   have	   been	   used	   for	   sequence-­‐specific	   DNA	   detection	  (Kolpashchikov,	  2005;	  Sharma	  et	  al.,	  2011).	  	  Until	  now	  split	  aptamers	  have	  not	  been	  used	  in	  vivo.	  Therefore,	  it	  was	  not	  clear	  a	  priori	  whether	  this	  scheme	  was	  feasible	  in	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live	  cells.	  The	  major	  concern	  was	  that	  expression	  of	  aptamers	  with	  finite	  ends	  in	  vivo	  is	   extremely	   difficult.	   	   Almost	   always	   extra	   3’	   and	   5’	   flanking	   sequences	   will	   be	  transcribed	   that	   can	   affect	   aptamer	   folding	   (Burke	   et	   al.,	   2002).	   	   Results	  characterizing	  the	  mechanism	  of	  the	  proposed	  method	  imply	  that	  the	  eIF4a-­‐specific	  aptamer	   split	   at	   the	   central	   loop	   reassembles,	   folds	   correctly	   and	   binds	   the	   split	  eIF4A	   protein.	   This	   chain	   of	   events	   occurred	   provided	   that	   two	   conditions	   were	  met:	  first,	  that	  the	  target	  RNA	  is	  present	  in	  the	  cell	  and	  second,	  that	  the	  RNA	  probes	  are	  expressed	  within	  a	  single	  transcript	  (Fig.	  1.2,	  3.1).	   	  To	  test	  this	  hypothesis,	   the	  single	  transcript	  expressing	  two	  RNA	  probes	  was	  physically	  split,	  co-­‐expressed	  with	  the	   SFP	   and	   cell	   fluorescence	   was	   compared	   to	   the	   fluorescent	   signal	   in	   cells	  expressing	   unsplit	   RNA	   probes	   with	   SFP.	   	   The	   results	   showed	   that	   when	   the	  aptamer	   sequences	   are	   physically	   split	   apart	   there	   is	   an	   inversely	   proportional	  correlation	   between	   reduction	   in	   read-­‐through	   transcript	   and	   increase	   in	  background	  fluorescence.	  	  This	  suggests	  that	  the	  there	  is	  a	  interaction	  between	  the	  aptamer	   sequences	   of	   the	   RNA	   probes	   and	   SFP.	   	   To	   test	   this	   further,	   previously	  characterized	  point	  mutants	  in	  the	  full	  aptamer	  sequence	  demonstrated	  a	  decreases	  the	  binding	  between	  aptamer	  and	  split	  eIF4a	  proteins	  (Oguro	  et	  al.,	  2003).	   	  These	  same	   point	   mutants	   were	   replicated	   in	   the	   unsplit	   RNA	   probe	   transcript.	   	   If	  reduction	  in	  background	  fluorescence	  was	  due	  to	  the	  affinity	  of	  split	  fusion	  proteins	  for	  a	  split	  aptamer	  sequence	  within	  a	  single	  transcript	  then	  these	  point	  mutants	  in	  the	   aptamer	   sequence	   should	   increase	   background	   fluorescent	   signal.	   	   In	   this	  scenario,	   SFP	   will	   spuriously	   reassociate	   with	   themselves	   due	   to	   hydrophobic	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interactions	   rather	   than	   interact	   with	  mutated	   aptamer	   sequences.	   	   Results	   from	  experiments	  with	   the	  point	  mutants	   supported	   the	   suggested	  mechanism	   that	   the	  aptamer	   sequences	  within	   a	   single	   RNA	   transcript	   were	   interacting	  with	   the	   SFP	  causing	  a	  five-­‐fold	  reduction	  in	  fluorescent	  background.	  	  	   Dependence	  of	  the	  fluorescent	  signal	  on	  the	  presence	  of	  the	  target	  RNA	  was	  visible	   on	   a	   very	   low	   fluorescent	   background	   as	   compared	   to	   the	   cells	   expressing	  SFP	   and	   RNA	   probes	   that	   lack	   target	   RNA.	   	   To	   account	   for	   these	   results,	   the	  following	  mechanism	  of	  the	  RNP	  complex	  formation	  is	  proposed	  (Fig,	  5.6).	  	  First,	  in	  the	   absence	   of	   target	   RNA	   the	   fusion	   proteins,	   each	   containing	   a	   domain	   of	   the	  eIF4A	   protein,	   interact	   with	   the	   fragments	   of	   the	   split	   eIF4A	   aptamer	   (Fig.	   5.6).	  These	  interactions	  might	  be	  weak,	  but	  they	  appear	  sufficient	  to	  keep	  the	  SFP	  apart	  and	  prevent	  their	  spurious	  re-­‐association.	  	  This	  mechanism	  explains	  why	  the	  use	  of	  the	  probes	  expressed	  within	  a	   single	   transcript	   is	   favorable	  as	  compared	  with	   the	  probes	  expressed	  as	  separate	  transcripts.	  	  It	  is	  likely	  that	  the	  secondary	  structure	  of	  a	  long	  intergenic	  transcript	  between	  both	  RNA	  probes	  creates	  spatial	  separation	  of	  the	  split	  aptamer	  sequences	  and	  consequent	  separation	  of	  the	  SFP	  preventing	  their	  re-­‐association	   (Fig.	   5.6	   B).	   	   When	   the	   two	   RNA	   probes	   with	   partial	   aptamer	  sequences	   are	   expressed	   as	   two	   separate	   transcripts	   background	   fluorescence	  increases	  (Fig.	  5.3,	  5.4).	  	  In	  this	  instance	  interactions	  with	  the	  SFP	  would	  not	  prevent	  their	  re-­‐association	  because	  of	   the	   independent	  movements	  of	   the	  two	  RNA	  probe	  transcripts.	  	  In	  the	  presence	  of	  target	  RNA,	  the	  formation	  of	  the	  complex	  is	  driven	  by	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the	  complementary	  interactions	  of	  the	  probe’s	  antisense	  arms	  with	  the	  target	  mRNA.	  The	  formation	  of	  the	  complementary	  dsRNA	  places	  two	  split	  aptamer	  sequences	  in	  close	  proximity	  and	  results	  in	  complete	  aptamer	  folding.	  Once	  the	  aptamer	  is	  stably	  folded	  on	  the	  target	  RNA	  platform	  fusion	  proteins	  can	  come	  in	  close	  proximity	  to	  the	  aptamer	  sequence	  driving	  protein	  complementation	  and	  fluorescence	  development	  (Fig.	  5.6	  C).	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Figure	  5.1.	  	  Schematic	  of	  the	  pETDuet-­1	  vector	  with	  one	  terminator	  expressing	  
two	  RNA	  probes.	  (A)	  Expression	  from	  two	  T7	  promoters	  upstream	  of	  each	  probe	  and	  one	  T7	  terminator	  downstream	  of	  probe	  2	  results	  in	  one	  550	  bp	  transcript	  containing	  both	  RNA	  probes	  and	  a	  300	  bp	  transcript	  containing	  only	  probe	  2.	  	  Forward	  primer	  (FP)	  and	  Reverse	  primer	  (RP)	  postions	  for	  PCR	  amplification	  of	  cDNA	  	  (B)	  Gel	  Electrophoresis	  picture	  of	  PCR	  products	  using	  cDNA	  templates,	  with	  and	  without	  Reverse	  Transciptase	  (RT).	  	  RNA	  was	  isolated	  from	  cells	  expressing	  SFP	  and	  RNA	  probes	  expressed	  from	  the	  pETDuet-­‐1	  vector.	  	  Forward	  and	  reverse	  primers	  were	  designed	  to	  hybridize	  within	  the	  aptamer	  sequences	  of	  Probe1	  and	  Probe	  2,	  respectively.	  	  The	  product	  using	  these	  primers	  results	  in	  an	  amplicon	  of	  approximately	  250	  bp	  in	  the	  presence	  of	  a	  read	  through	  transcript.	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Figure	  5.2.	  Schematic	  of	  a	  plasmid	  expressing	  RNA	  probes	  cloned	  into	  	  
pETDuet-­1	  vector	  with	  two	  T7	  terminators.	  	  Addition	  of	  a	  second	  T7	  terminator	  cloned	  between	  two	  multiple	  cloning	  sites	  (MCS)	  will	  force	  RNA	  polymerase	  to	  stop	  transcription	  before	  the	  second	  promoter	  resulting	  in	  an	  increased	  concentration	  of	  250	   and	   300	   bp-­‐long	   transcripts	   and	   decreased	   concentration	   of	   the	   readthrough	  550	  bp	  trancript..	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Figure	  5.3.	  	  Northern	  Blot	  analysis	  of	  RNA	  probes	  expressed	  from	  vectors	  with	  
one	  versus	  two	  terminators.	  	  (A)	  UV	  image	  of	  Ethidium	  bromide	  stained	  gel	  used	  for	  Nothern	  blot	  analysis	  with	  total	  RNA	  from	  cells	  expressing	  split	  fusion	  proteins	  and	  RNA	  probes	  expressed	  as	  a	  single	  transcript	  (lane	  1)	  and	  RNA	  probes	  expressed	  as	  two	  separate	  transcripts	  (lane	  2).	   	  500	  nucleotide	  single	  transcript	   indicated	  by	  arrow.	   (B)	   Northern	   blot	   image	  with	   total	   RNA	   from	   cells	   expressing	   split	   fusion	  proteins	  and	  RNA	  probes	  expressed	  as	  a	  single	  transcript	  (lane	  1)	  and	  RNA	  probes	  expressed	   at	   two	   separate	   transcripts	   (lane	   2)	   550	   nucleotide	   single	   transcript	  indicated	  by	  arrow.	   	  Artifact	  denoted	  by	   red	  dot.	   (C)	  Densitometry	  analysis	  of	   the	  Northern	  blot	  shown	  in	  B.	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Figure	  5.4.	  	  Effect	  of	  RNA	  probe	  design	  on	  background	  fluorescence.	  	  Bar	  graph	  showing	  mean	  values	  of	  relative	  fluorescence	  obtained	  by	  FACS	  of	  cells	  expressing	  split	   fusion	   proteins	   with	   RNA	   probes	   expressed	   as	   a	   single	   transcript	   vs	   RNA	  probes	   expressed	   as	   two	   separate	   transcript	   (n=4)	   Error	   bars	   show	   standard	  deviation.	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Figure	  5.5.	   	  Effect	   of	   point	  mutations	   in	   aptamer	   sequence	   in	  RNA	  probes	   on	  
background	  fluorescence.	   	  (A)	  Secondary	  structure	  of	  the	  eIF4a–specific	  aptamer	  with	  positions	  of	  point	  mutations.	   	   (B)	  Bar	  graph	  showing	  mean	  values	  of	   relative	  fluorescence	  obtained	  by	  FACS	  analysis	  of	  cells	  expressing	  split	  fusion	  proteins	  with	  RNA	   probes	   containing	   wt	   aptamer	   sequence,	   mut	   U20A,	   mut	   G21A	   and	   mut	  A50G/ins55A	   compared	   to	   cells	   expressing	   split	   fusion	   proteins	   alone.	   Error	   bars	  show	  standard	  deviation.	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Figure	  5.6.	   	  Schematic	   of	   proposed	  mechanism	   of	   RNP	   complex	   formation	   to	  
detect	   endogenous	  RNA	   in	   live	   cells.	  (A)	  SFP	  A-­‐F1	  and	  B-­‐F2	  spontaneously	  self-­‐associate	   when	   over-­‐expressed	   in	   the	   cell;	   (B)	   In	   the	   presence	   of	   the	   transcript	  containing	  two	  fragments	  of	  the	  split	  aptamer	  the	  fusion	  proteins	  bind	  them	  which	  keeps	  them	  apart	  and	  prevents	  from	  reassociation;	  (C)	  In	  the	  presence	  of	  the	  target	  mRNA	  the	  aptamer	  folds	  into	  proper	  structure	  due	  to	  the	  two	  antisense	  sequences	  hybridizing	   to	   the	   two	   adjacent	   sites	   on	  mRNA.	   The	   proper	   folded	   aptamer	   binds	  two	  fusion	  proteins	  A-­‐F1	  and	  B-­‐F2	  which	  reassociate	  and	  become	  fluorescent.	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CHAPTER	  6	  
	  
CONCLUSIONS	  AND	  FUTURE	  DIRECTIONS	  	   The	   goal	   of	   this	   research	  was	   to	   develop	   the	   first	   non-­‐invasive	  method	   for	  detecting	   unmodified	   endogenous	   RNAs	   in	   living	   cells.	   	   The	   proposed	   method	  utilized	   previous	  work	   done	   in	   the	   lab	  where	  modified	   RNAs	  were	   detected	   non-­‐invasively	  in	  living	  cells	  using	  protein	  complementation	  (PC)	  (Valencia-­‐Burton	  et	  al.,	  2007).	   	   PC	   reduces	   background	   fluorescence	   inherent	   to	   all	   methods	   that	   use	  aptamers	  and	  full-­‐size	  fluorescent	  proteins	  including	  the	  MS2	  RNA	  detection	  system	  (Bertrand	  et	  al.,	  1998).	  	  Expanding	  on	  the	  previous	  work,	  this	  project	  was	  aimed	  at	  developing	   a	   new	   method	   that	   can	   detect	   RNA	   without	   prior	   modification.	   	   To	  achieve	   this	   goal,	   RNA	   probes	   containing	   split	   aptamer	   sequences	  were	   designed	  with	  complementary	   flanking	  sequences	  antisense	   to	   the	   target	  RNA	  (Fig.	  1.2).	   	   In	  the	  presence	  of	   the	   target	  RNA,	   the	  probes	  would	  bind	  RNA	  and	  the	  split	  aptamer	  would	   refold	   into	   the	   full	   aptamer	   on	   the	   unmodified	   target	   RNA	   scaffold.	   	   The	  presence	   of	   the	   full	   aptamer	   drives	   reassociation	   of	   the	   SFP	   on	   the	   target	   RNA	  resulting	   in	   the	   sequence-­‐specific	   detection	   of	   an	   un-­‐modified	   RNA	   in	   living	   cells	  (Fig	  1.3).	  	  	  	  	   To	   test	   the	   feasibility	   of	   the	   proposed	   method,	   experiments	   were	   first	  conducted	  using	  both	  a	  plasmid-­‐expressed	  fragment	  and	  full-­‐length	  rabbit	  β-­‐globin	  mRNA	   as	   a	   target.	   	   Results	   of	   these	   experiments	   demonstrated	   that:	   (i)	   the	   RNA	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probes	  can	  reassemble	  the	  properly	  folded	  eIF4a	  aptamer	  on	  a	  target	  RNA;	  (ii)	  the	  reassembled	  aptamer	  drives	  reassociation	  of	  the	  SFP,	  and	  (iii)	  the	  fluorescent	  RNP	  complex	  forms	  on	  in	  the	  presence	  of	  the	  target	  RNA	  in	  a	  sequence-­‐specific	  manner.	  	  The	   functionality	   of	   this	   system	   was	   explored	   by	   attempting	   to	   detect	   a	  chormasomally	   expressed	   bacterial	   RNA	   in	   living	   cells.	   	   This	   task	   presented	   a	  challenge	  due	  to	  the	  fact	   that	  the	  chromosomally	  expressed	  mRNAs	  are	  present	   in	  much	  smaller	  concentrations	  and	  the	  secondary	  structures	  are	  unknown.	  	  The	  best	  available	  way	  to	  determine	  accessible	  binding	  sites	  of	  an	  endogenous	  RNA	  is	  to	  use	  secondary	   sequence	   predictions	   software	   (Zuker,	   1989).	   	   Even	   with	   structural	  predictions	   there	   is	   the	   added	   complexity	   of	   RNA	   binding	   proteins	   already	   being	  bound	   to	   potential	   accessible	   sites	   in	   vivo.	   	   The	   only	   way	   to	   predict	   where	   RNA	  binding	  proteins	  may	  be	  covering	  accessible	  binding	  sites	  is	  to	  perform	  in	  vivo	  RNA	  foot-­‐printing	   experiments	   on	   a	   specific	   RNA	   which	   requires	   a	   syncrotron	  (Adilakshmi	   et	   al.,	   2006).	   	   Due	   to	   limited	   accessibility	   of	   syncrotrons	   this	   is	  obviously	  not	  a	  practical	  option	  for	  determining	  accessible	  binding	  sites.	  	  Therefore,	  determination	  of	   accessible	  binding	   sites	  of	   endogenous	  RNA	   targets	   in	   this	   study	  relied	  entirely	  on	  MFOLD	  prediction	  software.	  	  	  	  	   Three	   mRNA	   targets,	   pstC,	  Hfq	   and	   CsrA,	   were	   chosen	   specifically	   because	  they	  all	  are	  expressed	  at	  different	  copy	  numbers	  in	  the	  cell.	  	  The	  hypothesis	  was	  that	  if	   each	  mRNA	  was	   being	   detected	   by	   the	   proposed	  method	   then	   there	   should	   be	  proportionally	   increasing	   fluorescent	   signals	   corresponding	   with	   increasing	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numbers	   of	   target	   mRNAs.	   	   However,	   pstC	   was	   successfully	   detected	   using	   the	  proposed	  method.	  	  pstC	  mRNA	  expression	  is	  induced	  when	  E.	  coli	  are	  grown	  in	  low	  phosphate	  conditions.	  	  Cells	  that	  were	  grown	  in	  low	  phosphate	  conditions	  exhibited	  a	  five-­‐fold	  increase	  in	  fluorescence	  over	  cells	  grown	  in	  high	  phosphate	  media.	  	  qPCR	  confirmed	   that	   in	   low	   phosphate	   media	   pstC	   mRNA	   was	   expressed	   at	   a	   five-­‐fold	  higher	  level	  than	  in	  high	  phosphate	  media.	  	  Fluorescent	  microscopy	  results	  showed	  punctate	  fluorescent	  localization	  of	  this	  mRNA.	  	  FISH	  analysis	  with	  probes	  targeting	  
pstC	  mRNA	  displayed	  similar	   localization	  patterns	  in	  cells	  grown	  in	  low	  phosphate	  media	  but	  no	  signal	  was	  observed	  in	  cells	  grown	  in	  LB.	  	  Interestingly,	  the	  proposed	  method	   was	   capable	   of	   resolving	   punctate	   fluorescent	   localization	   of	   pstC	   mRNA	  These	   results	   suggest	   that	   the	   new	   method	   is	   more	   sensitive	   than	   FISH.	  	  	  	  Additionally,	  experiments	  revealed	  distinct	   localization	  patterns	  of	  the	  pstC	  mRNA,	  adding	  more	  evidence	  to	  the	  growing	  data	  on	  spatial	  localization	  of	  several	  bacterial	  RNAs	  (Montero	  Llopis	  et	  al.,	  2010;	  Nevo-­‐Dinur	  et	  al.,	  2011).	  	  Results	  in	  both	  live	  and	  fixed	  cells	  show	  that	  pstC	  mRNA	  is	  localized	  to	  small	  focal	  points	  that	  do	  not	  overlap	  with	   the	  bulk	  of	   the	   chromosomal	  DNA.	   	  The	  mechanism	  of	   this	  mRNA	  anchoring	  remains	  to	  be	  elucidated.	  	  It	  is	  possible	  that	  there	  is	  a	  localized	  protein	  that	  interacts	  with	  the	  pstC	  mRNA	  similar	  to	  the	   localization	  mechanism	  of	   the	  comE	  mRNA	  that	  has	  been	  determined	  by	  the	  localized	  ComN	  protein	  (dos	  Santos	  et	  al.,	  2012).	   	  	  	   Attempts	   to	   correlate	   increasing	   copy	   number	   of	   mRNA	   targets	   with	  increasing	   fluorescent	   detection	   of	   those	   mRNAs	   using	   this	   method	   were	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unsuccessful	  for	  Hfq	  and	  CsrA	  mRNA,	  but	  were	  not	  entirely	  surprising.	  	  In	  fact’	  it	  is	  supportive	   of	   already	   existing	   data	   that	   RNA	   has	   dynamic	   secondary	   and	   tertiary	  structures	  that	  are	  difficult	  to	  predict.	  	  In	  addition,	  RNA-­‐binding	  proteins	  may	  cover	  RNA,	  further	  complicating	  the	  issue.	  	  	  To	  address	  this	  concern	  using	  the	  new	  method	  many	  probes	  should	  be	  designed	  and	  tested	  or	  each	  RNA	  target	  should	  be	  decorated	  with	  FISH	  probes	  in	  the	  same	  manner	  that	  RNA	  is	  detected	  in	  situ	  (Raj	  et	  al.,	  2006;	  Vargas	   et	   al.,	   2005).	   	   This	  process	  would	   involve	   testing	   each	  potential	   target	   site	  one	   at	   a	   time	   and	   this	   could	   be	   a	   more	   accurate	   way	   of	   determining	   the	   in	   vivo	  structure	  than	  using	  secondary	  structure	  prediction	  software.	  	  	   Investigation	   into	   the	  mechanism	   of	   the	   RNP	   complex	   formation	   yielded	   a	  surprising	   finding	   that	  RNA	  probes	   that	  were	  expressed	  within	  a	   single	   transcript	  reduced	  background	  fluorescence	  of	  SFP	  by	  five-­‐fold.	  	  It	  had	  been	  previously	  shown	  that	  use	  of	  protein	  complementation	  lowered	  background	  over	  the	  MS2	  system	  by	  100	   fold	   (Valencia-­‐Burton	   et	   al.,	   2007).	   	   This	   suggests	   that	   the	   new	  method	   that	  combines	  PC	  and	  a	  split	  aptamer	  approach	  offers	  a	  500-­‐fold	  reduction	  in	  fluorescent	  background	   compared	   to	   other	   systems.	   	   The	   fact	   that	   we	   are	   able	   to	   label	   and	  localize	   pstC	   mRNA,	   a	   molecule	   expressed	   on	   average	   at	   the	   level	   of	   one	  molecule/cell,	   suggests	   that	   the	   method	   has	   a	   sensitivity	   close	   to	   or	   at	   single	  molecule	   resolution.	   	   To	   prove	   single	   molecule	   detection	   photo	   bleaching	  experiments	   must	   be	   performed	   on	   living	   cells	   to	   demonstrate	   single	   molecule	  decay	  (Elf	  et	  al.,	  2007).	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   In	  summary,	  the	  new	  non-­‐invasive	  method	  for	  RNA	  labeling	  that	  is	  sensitive	  enough	   to	  detect	  physiological	   concentrations	  of	   endogenous	  bacterial	  mRNAs.	   	   It	  has	   been	   shown	   that	   the	   fluorescent	   signal	   in	   cells	   with	   the	   labeled	   pstC	   mRNA	  increases	  with	  increasing	  RNA	  concentration.	   	  So	  far,	   localization	  of	  only	  a	  handful	  of	  bacterial	  RNAs	  has	  been	  studied.	  	  More	  data	  are	  necessary	  to	  draw	  conclusions	  on	  the	   principles	   of	   prokaryotic	   sub-­‐cellular	   RNA	   localization.	   Hopefully,	   large-­‐scale	  studies	  of	  RNA	  localization	  will	  reveal	  these	  principles	  and	  the	  mechanisms	  leading	  to	   localization	   or	   delocalization	   of	   certain	   types	   of	   transcripts.	   	   It	   is	   yet	   to	   be	  determined	  if	  this	  is	  a	  feasible	  method	  to	  be	  used	  in	  a	  eukaryotic	  system.	  	  Certainly	  many	  more	  variables	  would	  be	   involved,	   but	   if	   successfully	   adapted	   to	   eukaryotic	  cells	  this	  sequence-­‐specific	  method	  for	  labeling	  endogenous	  RNAs	  using	  genetically	  encoded	  probes	  offers	  a	  new	  robust	   tool	   in	  all	   levels	  of	  RNA	  research,	  diagnostics	  and	  theraputics.	  	  	  	  
	  	  
85	  
References	  
	  Adilakshmi,	  T.,	  Lease,	  R.	  A.,	  &	  Woodson,	  S.	  A.	  (2006).	  Hydroxyl	  radical	  footprinting	  in	  vivo:	  mapping	  macromolecular	  structures	  with	  synchrotron	  radiation.	  
Nucleic	  Acids	  Research,	  34(8),	  e64.	  	  	   	  Allawi,	  H.	  T.,	  Dong,	  F.,	  Ip,	  H.	  S.,	  Neri,	  B.	  P.,	  &	  Lyamichev,	  V.	  I.	  (2001).	  Mapping	  of	  RNA	  accessible	  sites	  by	  extension	  of	  random	  oligonucleotide	  libraries	  with	  reverse	  transcriptase.	  RNA,	  7(2),	  314-­‐327.	  	   	  	  Bakshi,	  S.,	  Siryaporn,	  A.,	  Goulian,	  M.,	  &	  Weisshaar,	  J.	  C.	  (2012).	  Superresolution	  imaging	  of	  ribosomes	  and	  RNA	  polymerase	  in	  live	  Escherichia	  coli	  cells.	  
Molecular	  Microbiology,	  85(1),	  21-­‐38.	  	  	   	  Baskerville,	  S.,	  Zapp,	  M.,	  &	  Ellington,	  A.	  D.	  (1999).	  Anti-­‐Rex	  aptamers	  as	  mimics	  of	  the	  Rex-­‐binding	  element.	  Journal	  of	  Virology,	  73(6),	  4962-­‐4971.	  	   	  	  Bertrand,	  E.,	  Chartrand,	  P.,	  Schaefer,	  M.,	  Shenoy,	  S.	  M.,	  Singer,	  R.	  H.,	  &	  Long,	  R.	  M.	  (1998).	  Localization	  of	  ASH1	  mRNA	  particles	  in	  living	  yeast.	  Molecular	  Cell,	  
2(4),	  437-­‐445.	  	   	  	  Bird,	  A.,	  &	  Tweedie,	  S.	  (1995).	  Transcriptional	  noise	  and	  the	  evolution	  of	  gene	  number.	  Philosophical	  Transactions	  of	  the	  Royal	  Society	  of	  London.	  Series	  B,	  
Biological	  Sciences,	  349(1329),	  249-­‐253.	  	   	  	  Burke,	  D.	  H.,	  &	  Nickens,	  D.	  G.	  (2002).	  Expressing	  RNA	  aptamers	  inside	  cells	  to	  reveal	  proteome	  and	  ribonome	  function.	  Briefings	  in	  Functional	  Genomics	  and	  
Proteomics,	  1(2),	  169-­‐188.	  	   	  	  Consortium,	  E.	  P.,	  Birney,	  E.,	  Stamatoyannopoulos,	  J.	  A.,	  Dutta,	  A.,	  Guigo,	  R.,	  Gingeras,	  T.	  R.,	  Margulies,	  E.	  H.,	  Weng,	  Z.,	  Snyder,	  M.,	  Dermitzakis,	  E.	  T.,	  Thurman,	  R.	  E.,	  Kuehn,	  M.	  S.,	  Taylor,	  C.	  M.,	  Neph,	  S.,	  Koch,	  C.	  M.,	  Asthana,	  S.,	  Malhotra,	  A.,	  Adzhubei,	  I.,	  Greenbaum,	  J.	  A.,	  Andrews,	  R.	  M.,	  Flicek,	  P.,	  Boyle,	  P.	  J.,	  Cao,	  H.,	  Carter,	  N.	  P.,	  Clelland,	  G.	  K.,	  Davis,	  S.,	  Day,	  N.,	  Dhami,	  P.,	  Dillon,	  S.	  C.,	  Dorschner,	  M.	  O.,	  Fiegler,	  H.,	  Giresi,	  P.	  G.,	  Goldy,	  J.,	  Hawrylycz,	  M.,	  Haydock,	  A.,	  Humbert,	  R.,	  James,	  K.	  D.,	  Johnson,	  B.	  E.,	  Johnson,	  E.	  M.,	  Frum,	  T.	  T.,	  Rosenzweig,	  E.	  R.,	  Karnani,	  N.,	  Lee,	  K.,	  Lefebvre,	  G.	  C.,	  Navas,	  P.	  A.,	  Neri,	  F.,	  Parker,	  S.	  C.,	  Sabo,	  P.	  J.,	  Sandstrom,	  R.,	  Shafer,	  A.,	  Vetrie,	  D.,	  Weaver,	  M.,	  Wilcox,	  S.,	  Yu,	  M.,	  Collins,	  F.	  S.,	  Dekker,	  J.,	  Lieb,	  J.	  D.,	  Tullius,	  T.	  D.,	  Crawford,	  G.	  E.,	  Sunyaev,	  S.,	  Noble,	  W.	  S.,	  Dunham,	  I.,	  Denoeud,	  F.,	  Reymond,	  A.,	  Kapranov,	  P.,	  Rozowsky,	  J.,	  Zheng,	  D.,	  Castelo,	  R.,	  Frankish,	  A.,	  Harrow,	  J.,	  Ghosh,	  S.,	  Sandelin,	  A.,	  Hofacker,	  I.	  L.,	  Baertsch,	  R.,	  Keefe,	  D.,	  Dike,	  S.,	  Cheng,	  J.,	  Hirsch,	  H.	  A.,	  Sekinger,	  E.	  A.,	  Lagarde,	  J.,	  Abril,	  J.	  F.,	  Shahab,	  A.,	  Flamm,	  C.,	  Fried,	  C.,	  Hackermuller,	  J.,	  Hertel,	  J.,	  
	  	  
86	  
Lindemeyer,	  M.,	  Missal,	  K.,	  Tanzer,	  A.,	  Washietl,	  S.,	  Korbel,	  J.,	  Emanuelsson,	  O.,	  Pedersen,	  J.	  S.,	  Holroyd,	  N.,	  Taylor,	  R.,	  Swarbreck,	  D.,	  Matthews,	  N.,	  Dickson,	  M.	  C.,	  Thomas,	  D.	  J.,	  Weirauch,	  M.	  T.,	  Gilbert,	  J.,	  Drenkow,	  J.,	  Bell,	  I.,	  Zhao,	  X.,	  Srinivasan,	  K.	  G.,	  Sung,	  W.	  K.,	  Ooi,	  H.	  S.,	  Chiu,	  K.	  P.,	  Foissac,	  S.,	  Alioto,	  T.,	  Brent,	  M.,	  Pachter,	  L.,	  Tress,	  M.	  L.,	  Valencia,	  A.,	  Choo,	  S.	  W.,	  Choo,	  C.	  Y.,	  Ucla,	  C.,	  Manzano,	  C.,	  Wyss,	  C.,	  Cheung,	  E.,	  Clark,	  T.	  G.,	  Brown,	  J.	  B.,	  Ganesh,	  M.,	  Patel,	  S.,	  Tammana,	  H.,	  Chrast,	  J.,	  Henrichsen,	  C.	  N.,	  Kai,	  C.,	  Kawai,	  J.,	  Nagalakshmi,	  U.,	  Wu,	  J.,	  Lian,	  Z.,	  Lian,	  J.,	  Newburger,	  P.,	  Zhang,	  X.,	  Bickel,	  P.,	  Mattick,	  J.	  S.,	  Carninci,	  P.,	  Hayashizaki,	  Y.,	  Weissman,	  S.,	  Hubbard,	  T.,	  Myers,	  R.	  M.,	  Rogers,	  J.,	  Stadler,	  P.	  F.,	  Lowe,	  T.	  M.,	  Wei,	  C.	  L.,	  Ruan,	  Y.,	  Struhl,	  K.,	  Gerstein,	  M.,	  Antonarakis,	  S.	  E.,	  Fu,	  Y.,	  Green,	  E.	  D.,	  Karaoz,	  U.,	  Siepel,	  A.,	  Taylor,	  J.,	  Liefer,	  L.	  A.,	  Wetterstrand,	  K.	  A.,	  Good,	  P.	  J.,	  Feingold,	  E.	  A.,	  Guyer,	  M.	  S.,	  Cooper,	  G.	  M.,	  Asimenos,	  G.,	  Dewey,	  C.	  N.,	  Hou,	  M.,	  Nikolaev,	  S.,	  Montoya-­‐Burgos,	  J.	  I.,	  Loytynoja,	  A.,	  Whelan,	  S.,	  Pardi,	  F.,	  Massingham,	  T.,	  Huang,	  H.,	  Zhang,	  N.	  R.,	  Holmes,	  I.,	  Mullikin,	  J.	  C.,	  Ureta-­‐Vidal,	  A.,	  Paten,	  B.,	  Seringhaus,	  M.,	  Church,	  D.,	  Rosenbloom,	  K.,	  Kent,	  W.	  J.,	  Stone,	  E.	  A.,	  Program,	  N.	  C.	  S.,	  Baylor	  College	  of	  Medicine	  Human	  Genome	  Sequencing,	  C.,	  Washington	  University	  Genome	  Sequencing,	  C.,	  Broad,	  I.,	  Children's	  Hospital	  Oakland	  Research,	  I.,	  Batzoglou,	  S.,	  Goldman,	  N.,	  Hardison,	  R.	  C.,	  Haussler,	  D.,	  Miller,	  W.,	  Sidow,	  A.,	  Trinklein,	  N.	  D.,	  Zhang,	  Z.	  D.,	  Barrera,	  L.,	  Stuart,	  R.,	  King,	  D.	  C.,	  Ameur,	  A.,	  Enroth,	  S.,	  Bieda,	  M.	  C.,	  Kim,	  J.,	  Bhinge,	  A.	  A.,	  Jiang,	  N.,	  Liu,	  J.,	  Yao,	  F.,	  Vega,	  V.	  B.,	  Lee,	  C.	  W.,	  Ng,	  P.,	  Shahab,	  A.,	  Yang,	  A.,	  Moqtaderi,	  Z.,	  Zhu,	  Z.,	  Xu,	  X.,	  Squazzo,	  S.,	  Oberley,	  M.	  J.,	  Inman,	  D.,	  Singer,	  M.	  A.,	  Richmond,	  T.	  A.,	  Munn,	  K.	  J.,	  Rada-­‐Iglesias,	  A.,	  Wallerman,	  O.,	  Komorowski,	  J.,	  Fowler,	  J.	  C.,	  Couttet,	  P.,	  Bruce,	  A.	  W.,	  Dovey,	  O.	  M.,	  Ellis,	  P.	  D.,	  Langford,	  C.	  F.,	  Nix,	  D.	  A.,	  Euskirchen,	  G.,	  Hartman,	  S.,	  Urban,	  A.	  E.,	  Kraus,	  P.,	  Van	  Calcar,	  S.,	  Heintzman,	  N.,	  Kim,	  T.	  H.,	  Wang,	  K.,	  Qu,	  C.,	  Hon,	  G.,	  Luna,	  R.,	  Glass,	  C.	  K.,	  Rosenfeld,	  M.	  G.,	  Aldred,	  S.	  F.,	  Cooper,	  S.	  J.,	  Halees,	  A.,	  Lin,	  J.	  M.,	  Shulha,	  H.	  P.,	  Zhang,	  X.,	  Xu,	  M.,	  Haidar,	  J.	  N.,	  Yu,	  Y.,	  Ruan,	  Y.,	  Iyer,	  V.	  R.,	  Green,	  R.	  D.,	  Wadelius,	  C.,	  Farnham,	  P.	  J.,	  Ren,	  B.,	  Harte,	  R.	  A.,	  Hinrichs,	  A.	  S.,	  Trumbower,	  H.,	  Clawson,	  H.,	  Hillman-­‐Jackson,	  J.,	  Zweig,	  A.	  S.,	  Smith,	  K.,	  Thakkapallayil,	  A.,	  Barber,	  G.,	  Kuhn,	  R.	  M.,	  Karolchik,	  D.,	  Armengol,	  L.,	  Bird,	  C.	  P.,	  de	  Bakker,	  P.	  I.,	  Kern,	  A.	  D.,	  Lopez-­‐Bigas,	  N.,	  Martin,	  J.	  D.,	  Stranger,	  B.	  E.,	  Woodroffe,	  A.,	  Davydov,	  E.,	  Dimas,	  A.,	  Eyras,	  E.,	  Hallgrimsdottir,	  I.	  B.,	  Huppert,	  J.,	  Zody,	  M.	  C.,	  Abecasis,	  G.	  R.,	  Estivill,	  X.,	  Bouffard,	  G.	  G.,	  Guan,	  X.,	  Hansen,	  N.	  F.,	  Idol,	  J.	  R.,	  Maduro,	  V.	  V.,	  Maskeri,	  B.,	  McDowell,	  J.	  C.,	  Park,	  M.,	  Thomas,	  P.	  J.,	  Young,	  A.	  C.,	  Blakesley,	  R.	  W.,	  Muzny,	  D.	  M.,	  Sodergren,	  E.,	  Wheeler,	  D.	  A.,	  Worley,	  K.	  C.,	  Jiang,	  H.,	  Weinstock,	  G.	  M.,	  Gibbs,	  R.	  A.,	  Graves,	  T.,	  Fulton,	  R.,	  Mardis,	  E.	  R.,	  Wilson,	  R.	  K.,	  Clamp,	  M.,	  Cuff,	  J.,	  Gnerre,	  S.,	  Jaffe,	  D.	  B.,	  Chang,	  J.	  L.,	  Lindblad-­‐Toh,	  K.,	  Lander,	  E.	  S.,	  Koriabine,	  M.,	  Nefedov,	  M.,	  Osoegawa,	  K.,	  Yoshinaga,	  Y.,	  Zhu,	  B.,	  &	  de	  Jong,	  P.	  J.	  (2007).	  Identification	  and	  analysis	  of	  functional	  elements	  in	  1%	  of	  the	  human	  genome	  by	  the	  ENCODE	  pilot	  project.	  
Nature,	  447(7146),	  799-­‐816.	  	  	   	  
	  	  
87	  
Costa,	  F.	  F.	  (2007).	  Non-­‐coding	  RNAs:	  lost	  in	  translation?	  Gene,	  386(1-­‐2),	  1-­‐10.	  	  	   	  Crick,	  F.	  (1970).	  Central	  dogma	  of	  molecular	  biology.	  Nature,	  227(5258),	  561-­‐563.	  	  	   	  dos	  Santos,	  V.	  T.,	  Bisson-­‐Filho,	  A.	  W.,	  &	  Gueiros-­‐Filho,	  F.	  J.	  (2012).	  DivIVA-­‐mediated	  polar	  localization	  of	  ComN,	  a	  posttranscriptional	  regulator	  of	  Bacillus	  subtilis.	  
Journal	  of	  Bacteriology,	  194(14),	  3661-­‐3669.	  	  	   	  Elf,	  J.,	  Li,	  G.	  W.,	  &	  Xie,	  X.	  S.	  (2007).	  Probing	  transcription	  factor	  dynamics	  at	  the	  single-­‐molecule	  level	  in	  a	  living	  cell.	  Science,	  316(5828),	  1191-­‐1194.	  	  	   	  Fagegaltier,	  D.,	  Bouge,	  A.	  L.,	  Berry,	  B.,	  Poisot,	  E.,	  Sismeiro,	  O.,	  Coppee,	  J.	  Y.,	  Theodore,	  L.,	  Voinnet,	  O.,	  &	  Antoniewski,	  C.	  (2009).	  The	  endogenous	  siRNA	  pathway	  is	  involved	  in	  heterochromatin	  formation	  in	  Drosophila.	  Proceedings	  of	  the	  
National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America,	  106(50),	  21258-­‐21263.	  	  	   	  Femino,	  A.	  M.,	  Fay,	  F.	  S.,	  Fogarty,	  K.,	  &	  Singer,	  R.	  H.	  (1998).	  Visualization	  of	  single	  RNA	  transcripts	  in	  situ.	  Science,	  280(5363),	  585-­‐590.	  	   	  	  Fire,	  A.,	  Xu,	  S.,	  Montgomery,	  M.	  K.,	  Kostas,	  S.	  A.,	  Driver,	  S.	  E.,	  &	  Mello,	  C.	  C.	  (1998).	  Potent	  and	  specific	  genetic	  interference	  by	  double-­‐stranded	  RNA	  in	  Caenorhabditis	  elegans.	  Nature,	  391(6669),	  806-­‐811.	  	  	   	  Gall,	  J.	  G.,	  &	  Pardue,	  M.	  L.	  (1969).	  Formation	  and	  detection	  of	  RNA-­‐DNA	  hybrid	  molecules	  in	  cytological	  preparations.	  Proceedings	  of	  the	  National	  Academy	  of	  
Sciences	  of	  the	  United	  States	  of	  America,	  63(2),	  378-­‐383.	  	  	  	  Ghildiyal,	  M.,	  &	  Zamore,	  P.	  D.	  (2009).	  Small	  silencing	  RNAs:	  an	  expanding	  universe.	  
Nature	  Reviews.	  	  Genetics,	  10(2),	  94-­‐108.	  	  	   	  Guttman,	  M.,	  Amit,	  I.,	  Garber,	  M.,	  French,	  C.,	  Lin,	  M.	  F.,	  Feldser,	  D.,	  Huarte,	  M.,	  Zuk,	  O.,	  Carey,	  B.	  W.,	  Cassady,	  J.	  P.,	  Cabili,	  M.	  N.,	  Jaenisch,	  R.,	  Mikkelsen,	  T.	  S.,	  Jacks,	  T.,	  Hacohen,	  N.,	  Bernstein,	  B.	  E.,	  Kellis,	  M.,	  Regev,	  A.,	  Rinn,	  J.	  L.,	  &	  Lander,	  E.	  S.	  (2009).	  Chromatin	  signature	  reveals	  over	  a	  thousand	  highly	  conserved	  large	  non-­‐coding	  RNAs	  in	  mammals.	  Nature,	  458(7235),	  223-­‐227.	  	  	   	   	  Harrison,	  P.	  R.,	  Conkie,	  D.,	  Paul,	  J.,	  &	  Jones,	  K.	  (1973).	  Localisation	  of	  cellular	  globin	  messenger	  RNA	  by	  in	  situ	  hybridisation	  to	  complementary	  DNA.	  FEBS	  Letters,	  
32(1),	  109-­‐112.	  	  	   	  
	  	  
88	  
Jain,	  C.,	  &	  Belasco,	  J.	  G.	  (2000).	  Rapid	  genetic	  analysis	  of	  RNA-­‐protein	  interactions	  by	  translational	  repression	  in	  Escherichia	  coli.	  Methods	  in	  Enzymology,	  318,	  309-­‐332.	  	  	   	  Kanduri,	  C.,	  Whitehead,	  J.,	  &	  Mohammad,	  F.	  (2009).	  The	  long	  and	  the	  short	  of	  it:	  RNA-­‐directed	  chromatin	  asymmetry	  in	  mammalian	  X-­‐chromosome	  inactivation.	  FEBS	  Letters,	  583(5),	  857-­‐864.	  	  	   	  Kapranov,	  P.,	  Cheng,	  J.,	  Dike,	  S.,	  Nix,	  D.	  A.,	  Duttagupta,	  R.,	  Willingham,	  A.	  T.,	  Stadler,	  P.	  F.,	  Hertel,	  J.,	  Hackermuller,	  J.,	  Hofacker,	  I.	  L.,	  Bell,	  I.,	  Cheung,	  E.,	  Drenkow,	  J.,	  Dumais,	  E.,	  Patel,	  S.,	  Helt,	  G.,	  Ganesh,	  M.,	  Ghosh,	  S.,	  Piccolboni,	  A.,	  Sementchenko,	  V.,	  Tammana,	  H.,	  &	  Gingeras,	  T.	  R.	  (2007).	  RNA	  maps	  reveal	  new	  RNA	  classes	  and	  a	  possible	  function	  for	  pervasive	  transcription.	  Science,	  
316(5830),	  1484-­‐1488.	  	  	   	  Kolpashchikov,	  D.	  M.	  (2005).	  Binary	  malachite	  green	  aptamer	  for	  fluorescent	  detection	  of	  nucleic	  acids.	  Journal	  of	  the	  	  American	  Chemical	  Society,	  127(36),	  12442-­‐12443.	  	  	   	  Langer-­‐Safer,	  P.	  R.,	  Levine,	  M.,	  &	  Ward,	  D.	  C.	  (1982).	  Immunological	  method	  for	  mapping	  genes	  on	  Drosophila	  polytene	  chromosomes.	  Proceedings	  of	  the	  
National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America,	  79(14),	  4381-­‐4385.	  	   	  	  Larsson,	  C.,	  Grundberg,	  I.,	  Soderberg,	  O.,	  &	  Nilsson,	  M.	  (2010).	  In	  situ	  detection	  and	  genotyping	  of	  individual	  mRNA	  molecules.	  Nature	  Methods,	  7(5),	  395-­‐397.	  	  	   	  Levsky,	  J.	  M.,	  Shenoy,	  S.	  M.,	  Pezo,	  R.	  C.,	  &	  Singer,	  R.	  H.	  (2002).	  Single-­‐cell	  gene	  expression	  profiling.	  Science,	  297(5582),	  836-­‐840.	  	  	   	  Levsky,	  J.	  M.,	  &	  Singer,	  R.	  H.	  (2003).	  Fluorescence	  in	  situ	  hybridization:	  past,	  present	  and	  future.	  Journal	  of	  Cell	  Science,	  116(Pt	  14),	  2833-­‐2838.	  	  	   	  Long,	  R.	  M.,	  Singer,	  R.	  H.,	  Meng,	  X.,	  Gonzalez,	  I.,	  Nasmyth,	  K.,	  &	  Jansen,	  R.	  P.	  (1997).	  Mating	  type	  switching	  in	  yeast	  controlled	  by	  asymmetric	  localization	  of	  ASH1	  mRNA.	  Science,	  277(5324),	  383-­‐387.	  	   	  	  Maden,	  B.	  E.,	  &	  Hughes,	  J.	  M.	  (1997).	  Eukaryotic	  ribosomal	  RNA:	  the	  recent	  excitement	  in	  the	  nucleotide	  modification	  problem.	  Chromosoma,	  105(7-­‐8),	  391-­‐400.	  	   	  	  Malone,	  C.	  D.,	  &	  Hannon,	  G.	  J.	  (2009).	  Small	  RNAs	  as	  guardians	  of	  the	  genome.	  Cell,	  
136(4),	  656-­‐668.	  	  
	  	  
89	  
	   	  Marraffini,	  L.	  A.,	  &	  Sontheimer,	  E.	  J.	  (2008).	  CRISPR	  interference	  limits	  horizontal	  gene	  transfer	  in	  staphylococci	  by	  targeting	  DNA.	  Science,	  322(5909),	  1843-­‐1845.	  	   	  Matera,	  A.	  G.,	  Terns,	  R.	  M.,	  &	  Terns,	  M.	  P.	  (2007).	  Non-­‐coding	  RNAs:	  lessons	  from	  the	  small	  nuclear	  and	  small	  nucleolar	  RNAs.	  Nature	  Reviews	  Molecular	  Cell	  
Biology,	  8(3),	  209-­‐220.	  	  	   	  Mattick,	  J.	  S.,	  &	  Makunin,	  I.	  V.	  (2006).	  Non-­‐coding	  RNA.	  Human	  Molecular	  Genetics,	  15	  
Spec	  No	  1,	  R17-­‐29.	  	  	   	  Mercer,	  T.	  R.,	  Dinger,	  M.	  E.,	  &	  Mattick,	  J.	  S.	  (2009).	  Long	  non-­‐coding	  RNAs:	  insights	  into	  functions.	  Nature	  Reviews	  Genetics,	  10(3),	  155-­‐159.	  	  	   	  Molenaar,	  C.,	  Marras,	  S.	  A.,	  Slats,	  J.	  C.,	  Truffert,	  J.	  C.,	  Lemaitre,	  M.,	  Raap,	  A.	  K.,	  Dirks,	  R.	  W.,	  &	  Tanke,	  H.	  J.	  (2001).	  Linear	  2'	  O-­‐Methyl	  RNA	  probes	  for	  the	  visualization	  of	  RNA	  in	  living	  cells.	  Nucleic	  Acids	  Research,	  29(17),	  E89-­‐89.	  	   	  	  Montero	  Llopis,	  P.,	  Jackson,	  A.	  F.,	  Sliusarenko,	  O.,	  Surovtsev,	  I.,	  Heinritz,	  J.,	  Emonet,	  T.,	  &	  Jacobs-­‐Wagner,	  C.	  (2010).	  Spatial	  organization	  of	  the	  flow	  of	  genetic	  information	  in	  bacteria.	  Nature,	  466(7302),	  77-­‐81.	  	  	   	  Nevo-­‐Dinur,	  K.,	  Nussbaum-­‐Shochat,	  A.,	  Ben-­‐Yehuda,	  S.,	  &	  Amster-­‐Choder,	  O.	  (2011).	  Translation-­‐independent	  localization	  of	  mRNA	  in	  E.	  coli.	  Science,	  331(6020),	  1081-­‐1084.	  	   	  Oguro,	  A.,	  Ohtsu,	  T.,	  Svitkin,	  Y.	  V.,	  Sonenberg,	  N.,	  &	  Nakamura,	  Y.	  (2003).	  RNA	  aptamers	  to	  initiation	  factor	  4A	  helicase	  hinder	  cap-­‐dependent	  translation	  by	  blocking	  ATP	  hydrolysis.	  RNA,	  9(4),	  394-­‐407.	  	   	  	  Ohno,	  S.	  (1972).	  So	  much	  junk	  DNA	  in	  our	  genome.	  Brookhaven	  Symposia	  in	  
Biology(23),	  366-­‐&.	  	   	  	  Ozawa,	  T.,	  Natori,	  Y.,	  Sato,	  M.,	  &	  Umezawa,	  Y.	  (2007).	  Imaging	  dynamics	  of	  endogenous	  mitochondrial	  RNA	  in	  single	  living	  cells.	  Nature	  Methods,	  4(5),	  413-­‐419.	  	  	   	  Paige,	  J.	  S.,	  Wu,	  K.	  Y.,	  &	  Jaffrey,	  S.	  R.	  (2011).	  RNA	  mimics	  of	  green	  fluorescent	  protein.	  
Science,	  333(6042),	  642-­‐646.	  	   	  Papenfort,	  K.,	  Bouvier,	  M.,	  Mika,	  F.,	  Sharma,	  M,	  &	  Vogel,	  J.	  	  Evidence	  for	  autonomous	  5'	  target	  recognition	  domain	  in	  an	  Hfq-­‐associated	  small	  RNA.	  	  Proceedings	  of	  
	  	  
90	  
the	  National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America,	  107(47),	  20435-­‐20440	  	  Pare,	  A.,	  Lemons,	  D.,	  Kosman,	  D.,	  Beaver,	  W.,	  Freund,	  Y.,	  &	  McGinnis,	  W.	  (2009).	  Visualization	  of	  individual	  Scr	  mRNAs	  during	  Drosophila	  embryogenesis	  yields	  evidence	  for	  transcriptional	  bursting.	  Current	  Biology	  :	  CB,	  19(23),	  2037-­‐2042.	  	  	   	  Preall,	  J.	  B.,	  He,	  Z.,	  Gorra,	  J.	  M.,	  &	  Sontheimer,	  E.	  J.	  (2006).	  Short	  interfering	  RNA	  strand	  selection	  is	  independent	  of	  dsRNA	  processing	  polarity	  during	  RNAi	  in	  Drosophila.	  Current	  Biology,	  16(5),	  530-­‐535.	  	  	   	  Raj,	  A.,	  Peskin,	  C.	  S.,	  Tranchina,	  D.,	  Vargas,	  D.	  Y.,	  &	  Tyagi,	  S.	  (2006).	  Stochastic	  mRNA	  synthesis	  in	  mammalian	  cells.	  PLoS	  Biology,	  4(10),	  e309.	  	   	  Rice,	  J.	  B.,	  &	  Vanderpool,	  C.	  K.	  (2011).	  The	  small	  RNA	  SgrS	  controls	  sugar-­‐phosphate	  accumulation	  by	  regulating	  multiple	  PTS	  genes.	  Nucleic	  Acids	  Research,	  39(9),	  3806-­‐3819.	  	  	   	  Rinn,	  J.	  L.,	  Kertesz,	  M.,	  Wang,	  J.	  K.,	  Squazzo,	  S.	  L.,	  Xu,	  X.,	  Brugmann,	  S.	  A.,	  Goodnough,	  L.	  H.,	  Helms,	  J.	  A.,	  Farnham,	  P.	  J.,	  Segal,	  E.,	  &	  Chang,	  H.	  Y.	  (2007).	  Functional	  demarcation	  of	  active	  and	  silent	  chromatin	  domains	  in	  human	  HOX	  loci	  by	  noncoding	  RNAs.	  Cell,	  129(7),	  1311-­‐1323.	  	  	   	  Royo,	  H.,	  &	  Cavaille,	  J.	  (2008).	  Non-­‐coding	  RNAs	  in	  imprinted	  gene	  clusters.	  Biology	  
of	  the	  Cell,	  100(3),	  149-­‐166.	  	  	   	  Santoro,	  R.,	  Li,	  J.,	  &	  Grummt,	  I.	  (2002).	  The	  nucleolar	  remodeling	  complex	  NoRC	  mediates	  heterochromatin	  formation	  and	  silencing	  of	  ribosomal	  gene	  transcription.	  Nature	  Genetics,	  32(3),	  393-­‐396.	  	   	  Schifferer,	  M.,	  &	  Griesbeck,	  O.	  (2009b).	  Application	  of	  aptamers	  and	  autofluorescent	  proteins	  for	  RNA	  visualization.	  Integrative	  Biology,	  1(8-­‐9),	  499-­‐505.	  	  	   	  Schmitz,	  K.	  M.,	  Mayer,	  C.,	  Postepska,	  A.,	  &	  Grummt,	  I.	  (2010).	  Interaction	  of	  noncoding	  RNA	  with	  the	  rDNA	  promoter	  mediates	  recruitment	  of	  DNMT3b	  and	  silencing	  of	  rRNA	  genes.	  Genes	  and	  Development,	  24(20),	  2264-­‐2269.	  	  	   	  Sharma,	  A.	  K.,	  &	  Heemstra,	  J.	  M.	  (2011).	  Small-­‐molecule-­‐dependent	  split	  aptamer	  ligation.	  Journal	  of	  the	  American	  Chemical	  Society,	  133(32),	  12426-­‐12429.	  	  	   	  
	  	  
91	  
Shi,	  W.,	  Hendrix,	  D.,	  Levine,	  M.,	  &	  Haley,	  B.	  (2009).	  A	  distinct	  class	  of	  small	  RNAs	  arises	  from	  pre-­‐miRNA-­‐proximal	  regions	  in	  a	  simple	  chordate.	  Nature	  
Structural	  and	  	  Molecular	  Biology,	  16(2),	  183-­‐189.	  	  	   	  Sorek,	  R.,	  &	  Cossart,	  P.	  (2010).	  Prokaryotic	  transcriptomics:	  a	  new	  view	  on	  regulation,	  physiology	  and	  pathogenicity.	  Nature	  Reviews	  Genetics,	  11(1),	  9-­‐16.	  	  	   	  Sorek,	  R.,	  Kunin,	  V.,	  &	  Hugenholtz,	  P.	  (2008).	  CRISPR-­‐-­‐a	  widespread	  system	  that	  provides	  acquired	  resistance	  against	  phages	  in	  bacteria	  and	  archaea.	  Nature	  
Reviews	  Microbiology,	  6(3),	  181-­‐186.	  	  	   	  Spira,	  B.,	  Aguena,	  M.,	  de	  Castro	  Oliveira,	  J.	  V.,	  &	  Yagil,	  E.	  (2010).	  Alternative	  promoters	  in	  the	  pst	  operon	  of	  Escherichia	  coli.	  Molecular	  Genetics	  and	  
Genomics,	  284(6),	  489-­‐498.	  	  	   	  Stougaard,	  P.,	  Molin,	  S.,	  &	  Nordstrom,	  K.	  (1981).	  RNAs	  involved	  in	  copy-­‐number	  control	  and	  incompatibility	  of	  plasmid	  R1.	  Proceedings	  of	  the	  National	  
Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America,	  78(10),	  6008-­‐6012.	  	   	  	  Taniguchi,	  Y.,	  Choi,	  P.	  J.,	  Li,	  G.	  W.,	  Chen,	  H.,	  Babu,	  M.,	  Hearn,	  J.,	  Emili,	  A.,	  &	  Xie,	  X.	  S.	  (2010).	  Quantifying	  E.	  coli	  proteome	  and	  transcriptome	  with	  single-­‐molecule	  sensitivity	  in	  single	  cells.	  Science,	  329(5991),	  533-­‐538.	  	   	  Tomizawa,	  J.,	  Itoh,	  T.,	  Selzer,	  G.,	  &	  Som,	  T.	  (1981).	  Inhibition	  of	  ColE1	  RNA	  primer	  formation	  by	  a	  plasmid-­‐specified	  small	  RNA.	  Proceedings	  of	  the	  National	  
Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America,	  78(3),	  1421-­‐1425.	  	  	  	  Tsourkas,	  A.,	  Behlke,	  M.	  A.,	  Rose,	  S.	  D.,	  &	  Bao,	  G.	  (2003).	  Hybridization	  kinetics	  and	  thermodynamics	  of	  molecular	  beacons.	  Nucleic	  Acids	  Research,	  31(4),	  1319-­‐1330.	  	   	  	  Tsourkas,	  A.,	  Behlke,	  M.	  A.,	  Xu,	  Y.	  Q.,	  &	  Bao,	  G.	  (2003).	  Spectroscopic	  features	  of	  dual	  fluorescence/luminescence	  resonance	  energy-­‐transfer	  molecular	  beacons.	  
Analytical	  Chemistry,	  75(15),	  3697-­‐3703.	  	  	   	  Tsuji,	  A.,	  Koshimoto,	  H.,	  Sato,	  Y.,	  Hirano,	  M.,	  Sei-­‐Iida,	  Y.,	  Kondo,	  S.,	  &	  Ishibashi,	  K.	  (2000).	  Direct	  observation	  of	  specific	  messenger	  RNA	  in	  a	  single	  living	  cell	  under	  a	  fluorescence	  microscope.	  Biophysical	  Journal,	  78(6),	  3260-­‐3274.	  	  	   	  Tyagi,	  S.,	  &	  Kramer,	  F.	  R.	  (1996).	  Molecular	  beacons:	  Probes	  that	  fluoresce	  upon	  hybridization.	  Nature	  Biotechnology,	  14(3),	  303-­‐308.	  	  	   	  
	  	  
92	  
Unger,	  T.,	  Jacobovitch,	  Y.,	  Dantes,	  A.,	  Bernheim,	  R.,	  &	  Peleg,	  Y.	  (2010).	  Applications	  of	  the	  Restriction	  Free	  (RF)	  cloning	  procedure	  for	  molecular	  manipulations	  and	  protein	  expression.	  Journal	  of	  Structural	  Biology,	  172(1),	  34-­‐44.	  	  	   	  Valencia-­‐Burton,	  M.,	  &	  Broude,	  N.	  E.	  (2007).	  Visualization	  of	  RNA	  using	  fluorescence	  complementation	  triggered	  by	  aptamer-­‐protein	  interactions	  (RFAP)	  in	  live	  bacterial	  cells.	  Current	  Protocols	  in	  Cell	  Biology,	  Chapter	  17,	  Unit	  17	  11.	  	  	   	  Valencia-­‐Burton,	  M.,	  McCullough,	  R.	  M.,	  Cantor,	  C.	  R.,	  &	  Broude,	  N.	  E.	  (2007).	  RNA	  visualization	  in	  live	  bacterial	  cells	  using	  fluorescent	  protein	  complementation.	  Nature	  Methods,	  4(5),	  421-­‐427.	  	   	  Vargas,	  D.	  Y.,	  Raj,	  A.,	  Marras,	  S.	  A.,	  Kramer,	  F.	  R.,	  &	  Tyagi,	  S.	  (2005).	  Mechanism	  of	  mRNA	  transport	  in	  the	  nucleus.	  Proceedings	  of	  the	  National	  Academy	  of	  
Sciences	  of	  the	  United	  States	  of	  America,	  102(47),	  17008-­‐17013.	  	  	   	  Vasl,	  J.,	  Panter,	  G.,	  Bencina,	  M.,	  &	  Jerala,	  R.	  (2004).	  Preparation	  of	  chimeric	  genes	  without	  subcloning.	  Biotechniques,	  37(5),	  726.	  	   	  	  Vermeulen,	  A.,	  Behlen,	  L.,	  Reynolds,	  A.,	  Wolfson,	  A.,	  Marshall,	  W.	  S.,	  Karpilow,	  J.,	  &	  Khvorova,	  A.	  (2005).	  The	  contributions	  of	  dsRNA	  structure	  to	  Dicer	  specificity	  and	  efficiency.	  RNA,	  11(5),	  674-­‐682.	  	  	   	  Wang,	  K.,	  Tang,	  Z.,	  Yang,	  C.	  J.,	  Kim,	  Y.,	  Fang,	  X.,	  Li,	  W.,	  Wu,	  Y.,	  Medley,	  C.	  D.,	  Cao,	  Z.,	  Li,	  J.,	  Colon,	  P.,	  Lin,	  H.,	  &	  Tan,	  W.	  (2009).	  Molecular	  engineering	  of	  DNA:	  molecular	  beacons.	  Angewante	  Chemie	  International	  Edition,	  48(5),	  856-­‐870.	  	  	   	  Wu,	  B.,	  Chao,	  J.	  A.,	  &	  Singer,	  R.	  H.	  (2012).	  Fluorescence	  fluctuation	  spectroscopy	  enables	  quantitative	  imaging	  of	  single	  mRNAs	  in	  living	  cells.	  Biophysical	  
Journal,	  102(12),	  2936-­‐2944.	  	  	   	  Wutz,	  A.,	  &	  Gribnau,	  J.	  (2007).	  X	  inactivation	  Xplained.	  Current	  Opinions	  in	  Genetic	  
Development,	  17(5),	  387-­‐393.	  	  	  Yiu,	  H.,	  Demidov,	  V.,	  Toran,	  P.,	  Cantor,	  C.,	  &	  Broude,	  N.	  (2011).	  RNA	  Detection	  in	  Live	  Bacterial	  Cells	  Using	  Fluorescent	  Protein	  Complementation	  Triggered	  by	  Interaction	  of	  Two	  RNA	  Aptamers	  with	  Two	  RNA-­‐Binding	  Peptides.	  
Pharmaceuticals,	  4(3),	  494-­‐508.	  	  	   	  Zuker,	  M.	  (1989).	  On	  finding	  all	  suboptimal	  foldings	  of	  an	  RNA	  molecule.	  Science,	  
244(4900),	  48-­‐52.	  	   	  	  
	  	  
93	  
Curriculum	  Vitae	  	  
 Paul	  T.	  Toran	   	   	  	  55	  Royal	  Street,	  Apt	  #	  1,	  Allston,	  MA	  02134	  617-­‐817-­‐0259	  	  |	  	  paultoran@gmail.com	  	  
Education  	  2013	  	   	   PhD	  Candidate,	  Molecular	  Biology,	  Cell	  Biology	  &	  Biochemistry	  	  Biomedical	  Engineering	  Department,	  Boston	  University,	  Boston,	  MA	  	  2003	  	   	   B.S.	  Biology	  	  Davidson	  College,	  Davidson,	  NC	  	  
Patents 	  
• Toran,	  Paul	  Terence	  “Protein	  Complementation	  Regulators”	  U.S.	  Patent	  Application	  No.	  13/631,200,	  28	  September	  2012.	  	  
Research Experience 	  BOSTON	  UNIVERSITY	   	   	   	   	   	   Sept	  2007	  –	  Present	  
Graduate	  Research	  Assistant	  (Advisor	  :	  Dr.	  Natasha	  Broude)	  
• Developed	  a	  biomolecular	  methodology	  combining	  protein	  complementation	  and	  split	  aptamer	  technology	  to	  detect	  unmodified	  endogenous	  RNA	  molecules	  in	  living	  E.	  coli	  as	  a	  basis	  for	  a	  next	  generation	  molecular	  diagnostic,	  therapeutic	  and	  translational	  research	  tool.	  
• Preformed	  proof	  of	  principal	  experiments	  (Molecular	  Cloning,	  FACS	  Analysis,	  Microscopy,	  etc.)	  that	  successfully	  detected	  unmodified	  exogenously	  expressed	  Rabbit	  Beta	  globin	  mRNA	  in	  E.	  coli	  sequence	  specifically.	  	  	  
• Characterized	  composition	  and	  relative	  expression	  levels	  of	  RNA	  components	  used	  in	  detection	  system	  (Northern	  Blot	  &	  qPCR).	  
• Detected	  endogenous	  E.	  coli	  RNAs	  using	  developed	  methodology	  and	  demonstrated	  increasing	  fluorescence	  proportionally	  with	  increasing	  copy	  number	  amoung	  targeted	  RNAs.	  	  
• Preformed	  fluorescent	  microscopy	  in	  combination	  with	  developed	  methodology	  and	  displayed	  unique	  fluorescent	  localization	  patterns	  among	  different	  endogenous	  RNA	  targets	  relative	  to	  DNA	  staining.	  	  
• Discovered	  and	  patented	  a	  molecular	  tool	  to	  reduce	  fluorescent	  background	  signal	  inherent	  to	  protein	  complementation	  5	  fold.	  
• Mentored	  6	  undergraduate	  and	  2	  graduate	  level	  students.	  	  Responsibilities	  included	  technical	  training,	  project	  design	  and	  leading	  group	  meetings.	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  CHILDREN’S	  HOSPITAL	  BOSTON	   	   	   	   	   Jan	  2003	  –	  Jun	  2007	  
Research	  Technician	  I	  (Manager	  :	  Dr.	  	  Paul	  Schmidt,	  Hematology	  &	  Oncology)	  
• Maintained	   mouse	   colony	   of	   500	   mice	   from	   multiple	   transgenic	   iron	  metabolism	  lineages	  (animal	  husbandry,	  genotyping,	  etc.).	  	  
• Preformed	   dissections	   and	   harvested	   tissue	   samples	   for	   iron	   phenotyping,	  sectioning	  and	  RNA	  expression	  analysis.	  
• Maintained	  cell	  culture	  cell	  lines	  and	  preformed	  protein	  isolations	  for	  various	  protein	  assays	  (Western	  Blot,	  Immunoprecipitation,	  Nickel	  Pull	  Down,	  etc.).	  	  DAVIDSON	  COLLEGE	  	   	   	   	   	   	  	  	  	  	  	  	  	  Sept	  1999	  –	  Jun	  2003	  
Senior	  Research	  Project	  (Advisor	  :	  Dr.	  Karen	  Bernd,	  Biology	  Department)	  
• Preformed	   characterization	   study	   of	   unknown	   Golgi	   related	   proteins	   in	  tissue	  culture.	   	  	  
Teaching Experience 
	  BOSTON	  UNIVERSITY	  
Principles	  of	  Molecular,	  Cell	  Biology	  and	  Biotechnology	  :	  Lab	  Teaching	  Fellow	  Instructed	  50	  students	  in	  principles	  of	  molecular	  and	  cellular	  biology	  lab	  technique.	  Taught	  with	  a	  hands	  on	  approach	  lab	  methods	  including	  microscopy,	  gram	  staining,	  	  spectrophotometry,	  gel	  electrophoresis,	  DNA	  transformation	  and	  general	  molecular	  cloning	  techniques.	  	  Responsibilities	  included	  giving	  prelab	  lectures,	  preparing	  	  lab	  materials,	  grading	  lab	  reports	  and	  providing	  lab	  report	  writing	  guidance.	  January	  2013	  –	  May	  2013,	  January	  2012	  –	  May	  2012.	  	  
Principles	  of	  Molecular,	  Cell	  Biology	  and	  Biotechnology	  :	  Class	  Teaching	  Fellow	  Coordinated	  with	  another	  Teaching	  Fellow	  to	  assist	  Professor	  of	  a	  class	  of	  110	  	  students	  by	  writing	  and	  grading	  both	  homework	  and	  exams.	  	  Assisted	  individual	  	  students	  outside	  class	  during	  office	  hours	  with	  specific	  concepts	  to	  complete	  	  homework	  and	  study	  for	  exams.	  	  	  January	  2011	  –	  May	  2011.	  	  	  	  
Systems	  Physiology	  :	  Lab	  Teaching	  Fellow	  Supervised	  and	  instructed	  45	  upper	  level	  students	  to	  perform	  various	  labs	  that	  	  complemented	  	  lecture	  material.	  	  Led	  prelab	  discussions	  that	  outlined	  use	  of	  	  LabScribe	  interactive	  software	  as	  well	  as	  instructed	  proper	  lab	  technique	  for	  wet	  labs	  and	  dissections.	  	  	  Proctored	  exams,	  provided	  guidance	  for	  writing	  lab	  reports,	  	  graded	  exams	  and	  lab	  reports.	  	  September	  2012	  –	  December	  2012,	  September	  2011	  	  –	  December	  2011,	  January	  2008	  –	  May	  2008.	  	  
Human	  Physiology	  :	  Lab	  Teaching	  Fellow	  Supervised	  and	  instructed	  40	  students	  in	  techniques	  of	  vertebrate	  and	  human	  	  physiology.	  	  Led	  prelab	  discussion	  that	  enabled	  students	  to	  conduct	  and	  analyze	  	  their	  experiments.	  	  	  	  Proctored	  exams,	  graded	  quizzes	  and	  lab	  reports.	  	  September	  	  2007	  –	  December	  2007	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Publications 
	  Toran,	  PT,	  	  Smolina,	  IV,	  Driscoll,	  HS,	  Cantor,	  CR	  and	  Broude,	  NE.	  “Labeling	  endogenous	  bacterial	  RNA	  in	  live	  cells.”	  Manuscript	  in	  preparation	  	  
	  
Yiu, HW, Demidov, VV, Toran, PT, Cantor, CR  and Broude, NE.  “RNA detection in 
live bacterial cells using fluorescent protein complementation triggered by interaction of 
two RNA aptamers with two RNA-binding peptides.” Pharmaceuticals.  17 January 
2011: 4(3) 494-508.	  
	  Schmidt,	  PJ,	  Toran,	  PT,	  Giannetti,	  AM,	  Bjorkman,	  PJ	  and	  Andrews,	  NC.	  	  “The	  transferrin	  receptor	  modulates	  HFE-­‐dependent	  regulation	  of	  hepcidin	  expression.”	  	  
Cell	  Metabolism.	  March	  2008:	  7(3)	  205-­214.	  	  	  
Selected Presentations 
	  
June 22, 2012 A Novel Molecular Tool for the Next Generation of Basic 
RNA Reasearch, Clinical Diagnostics and Genetic 
Theraputics: Seqeuence specific Detection of RNA in vivo 
using Protein Complemenation  
    Biology Department Seminar, Boston University 	  
April	  15,	  2011	   Sequence	  Specific	  Detection	  of	  RNA	  in	  vivo	  in	  Living	  E.	  
coli	  Cells	  Using	  Protein	  Complementation	  and	  Split	  Aptamer	  Technology	  
	   Biology	  Department	  Seminar,	  Boson	  University	  
	  
September	  29,	  2010	   A	  Novel	  Molecular	  Tool	  for	  the	  Next	  Generation	  of	  Basic	  RNA	  Research,	  Clinical	  Diagnostics	  and	  Genetic	  Therapeutics	  
	   From	  the	  RNA	  World	  to	  the	  Clinic,	  HHMI	  Janeila	  Farm	  	  
December	  4,	  2009	   A	  Novel	  Molecular	  Tool	  for	  the	  Next	  Generation	  of	  Basic	  RNA	  Research,	  Clinical	  Diagnostics	  and	  Genetic	  Therapeutics	  
	   Biology	  Department	  Seminar,	  Boston	  University	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Meeting Abstracts 
	  
Toran, Paul T, Cantor, Charles R and Broude, Natasha E. “Boston Bacterial Meeting.” 
Harvard University. Science Center, Cambridge, MA. 16 June 2011.  
Toran, Paul T, Cantor, Charles R and Broude, Natasha E. “Boston Bacterial Meeting.” 
Harvard University. Science Center, Cambridge, MA. 16 June 2010.  
Toran, Paul T, Cantor, Charles R and Broude, Natasha E. “Boston University Science and 
Engineering Day.” Boston University. George Sherman Union, Boston, MA. 30 March 
2010. 
Toran, Paul T, Cantor, Charles R and Broude, Natasha E. “Boston University Science and 
Engineering Day.” Boston University. George Sherman Union, Boston, MA. 31 March 
2009.  	  	  
Awards 
	  
2003	   James	  Deriux	  Award	  for	  Outstanding	  Achievement	  in	  Undergraduate	  Research	  	  North	  Carolina	  Academy	  of	  Sciences,	  University	  of	  North	  Carolina	  at	  Willmington	  	  
1999	   	   Eagle	  Scout,	  Boy	  Scouts	  of	  America	  	   	   	  	  
Activites 	  
1999	  –	  Present	   Boston	  Men’s	  Metro	  Club	  Water	  Polo	  	  
2007	  –	  2009	   Boston	  University	  Men’s	  Water	  Polo	  Team	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Skills 	  
Molecular	  
	  
• PCR	  
• RT-­‐PCR	  
• qPCR	  and	  semi-­‐qPCR	  
• Western	  Blot	  
• Northern	  Blot	  
• Southern	  Blot	  
• Restriction	  digestion	  and	  Ligation	  
• DNA	  precipitation	  
• Plasmid	  DNA	  isolation	  
• RNA	  isolation	  
• RNA	  quantification	  
• DNA	  isolation	  
• DNA	  quantification	  
• TOPO	  TA	  Cloning	  
• Chemically	  Competent	  Cell	  Preparation	  
• Electro	  Competent	  Cell	  Preparation	  	  	  
Yeast	  Molecular	  and	  Cell	  Biology	  
	  
• Yeast	  and	  bacterial	  cell	  culture	  
• Mammalian	  cell	  culture	  
• Transient	  transfections,	  transformation,	  electroporation	  
• Protein	  purification	  
• Intracellular	  antibody	  staining	  
• Immunofluorescence	  microscopy	  
• Two-­‐hybrid	  screening	  and	  analysis	  
• Fluorescence	  Activated	  Cell	  Sorting	  (FACS)	  
• Immunoprecipitation	  	  
• Nickel	  Pull-­‐down	  precipitation	  
• Live	  Cell	  Fluorescent	  Microscopy	  
• Live	  Cell	  DNA	  staining	  (Hoescht,	  DRAQ5)	  
• Growth	  Curve	  Analysis	  
• Spectrophotometry
All	  aspects	  of	  Murine	  Genetics	  and	  
Husbandry	  
	  
• Breeding	  and	  Maintaining	  Colonies	  
• Dissections	  
• Genotype	  Analysis	  
• Non-­‐Heme	  Iron	  Assay	  Phenotype	  Analysis	  
• Tissue	  RNA	  Isolation	  	  
Computer	  Skills	  	  
• Proficient	  in	  Sequence	  Analysis	  (Sequencher,	  ApeE,	  Blast,	  Blast2)	  
• Experience	  with	  Primer	  Design	  (Primer3,	  OligoCalc)	  
• Experience	  with	  various	  software:	  MS	  Office,	  ImageJ,	  Endnote,	  Adobe	  Acrobat,	  Photoshop	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